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Abstract 
 
 Concern over natural resources and global climate shifts has increased the focus 
of sourcing transportation fuels from depleting oil wells to regenerative, biological based 
solutions.  One avenue of biologically sourced fuel involves the extraction of C5 and C6 
sugars from the woody, fibrous, and inedible plant materials, otherwise known as 
lignocellulosic biomass.  These cellulosic sugars can be converted to target biofuels and 
biofuel additives like the furanic compounds, 2,5-dimethylfuran and 2-methylfuran.  In 
this thesis, the low temperature oxidation of two compounds, 2,5-dimethylfuran and 2-
methylfuran, are explored.  These reactions were conducted at the Advanced Light 
Source in Berkeley, CA and used a multiplexed time-resolved mass spectrometer 
spectrometer coupled with the continuously tunable synchrotron UV radiation.  The 
reaction species were probed and reaction mechanisms presented.  It is our hope this 
and other similar studies advance combustion systems for optimum performance and 
allow for the development of „designer‟ fuels with higher energy outputs and lower 
sooting emissions.  An introduction to the field of biofuels, our experimental apparatus, 
and some theoretical physical chemistry concepts are presented first followed by the 
oxidation studies.   
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Chapter 1: Introduction 
  
1.1 Climate in Crisis 
 
Rounding the corner on the 21st century, technological and economic success has 
been propelled by the advent of large scale energy plants including coal, oil, and 
nuclear.  In the last couple of years, however, social knowledge seems to be growing 
away from these energy sources.  This ideological movement has been brought about 
by foreign conflict surrounding sourcing petroleum in select regions and natural disasters 
exposing the environmental dangers of nuclear energy.   
The United States, itself, appears to be in crisis.  A crisis defined by the mortgage 
meltdown of 2008, particularly hard hurricane season of 2009 on the eastern seaboard, 
the BP Gulf oil disaster of 2010, and rising petroleum instability and cost.  And our 
concerns are mirrored globally.  In the U.S. alone, climate disasters have ravaged the 
eastern seaboard and the bordering states along the Gulf of Mexico, floods have 
destroyed communities along the Mississippi, drought and fires are ravaging Texas, and 
there is increased concern for water supply along the Pacific coast.  Depleting petroleum 
sources coupled with unrest in sourcing regions have forced crude oil barrel prices to 
unseen levels.  It seems hard to deny we are, in the least, experiencing changing 
patterns of meteorological systems beset by rising carbon emissions.  These events 
have challenged the American ethos on preventative care for our planet and, 
specifically, how we approach carbon emissions and energy consumption [1].  There 
have been recent attempts to connect carbon emissions with ozone depletion and 
consequential ocean warming [2]. As a country, we have seen increasing concerns to 
shift from petroleum to more renewable energy sources.  For people, the most tangible 
connection to energy can be seen in consumer transportation.  Biofuels offer long-term 
viability, regeneration, and a reduction in combustion emissions.  Attention, however, 
has not been placed on the combustion compounds that make up biofuels like esters, 
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alcohols, alkenes, and ethers in order to optimize energy output and lower pollutant 
emissions [2].  The decomposition and oxidation pathways of these fuels are being 
explored by the Meloni Research Group at the University of San Francisco.  This thesis 
will offer an exploration into the chemical reactivity of potential renewable biomass-
based transportation fuels in order to optimize the chemical compositions of future fuels.  
In this chapter, the „stage‟ is set for our experimentation in an effort to redefine human 
energy needs. 
 
 
1.2 Energy 
 
The issue of energy encompasses problems of sourcing and environmental impact.  
These issues revolve around depleting energy reserves, i.e., fossil fuels, instability in 
resource regions, and viability of energy supplies for the future.  For the North American 
continent demand for energy has forced interest in alternative sources for energy.  For 
the United States, fossil fuels as an energy resource has brought about two major 
concerns: energy security and climate change.  Political competition and unrest have 
developed around fossil fuel acquisition.  This arises from depleting natural resources 
and the increased demand of emerging markets.  For the US, much of the energy 
requirements, whether from transportation or electricity, have been supplemented from 
foreign fossil fuel sources.  In a very real sense, energy choices affect jobs, economic 
stability, and foreign investment safety [3]. 
To be specific, energy security is defined as reducing vulnerability to foreign 
threats or pressures on supply, preventing a supply crisis, and minimizing the economic 
and military impact of a supply crisis once it has occurred [4].  This emerging energy 
market has built the desire for alternative energy sources outside of nuclear, including 
biofuels, wind, geothermal, and solar.   
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  Recent events, like earthquakes and hurricanes, place emphasis on carbon 
emissions and potential nuclear harm of current energy sources [5, 6].  Projections on 
global warming due to fossil fuels highlight unstable weather conditions with an 
emphasis on an increase of incidence and severity.  Biomass or non-food sourced plant 
material can be used to produce transportation liquid fuels.  In practice, all of the energy 
supplied by plant material cannot be transferred to a liquid fuel product.  However, novel 
conversion technology systems are improving the overall thermal efficiencies and 
regaining more of the energy supplied by the plant material [7].  To be clear, production 
of fuels from lignocellulosic mass involves the removal of oxygen to create a higher 
density fuel (increased percentage of hydrocarbons).  It is popular policy, however, (to 
be discussed in more detail in section 1.4 Fuel Additives), that leaving some oxygenated 
species may improve some combustion characteristics and lead to fewer pollutant 
emissions. 
 
1.3 Combustion and Advanced Engine Systems 
Combustion may be seen as one of civilizations earliest inventions [8].  Combustion 
systems still power, light, and engage our everyday lives.  Simply, combustion requires 
the input of fuel and an oxidizer (typically air) in order to create an exothermic reaction 
[8].  This thesis concentrates on situations where fuel and oxidizers are premixed before 
combustion.  Specifically, we explore lower temperature (< 900 K) reactions that are 
characteristic of ignition chemistry and upper tropospheric interactions. At these 
temperatures, peroxide radical species propagate and dominate reaction pathways [9].  
Our research group investigates “low temperature” hydrocarbon oxidation reactions of 
potential biofuel compounds that might take place during auto-ignition or occur in 
advanced engine systems such as the homogenous charge compression ignition (HCCI) 
or under specific atmospheric conditions.  A general template for the mechanistic 
oxidation of a hydrocarbon is shown in Figure 1.1.  The propagation or growth of radical 
species are important in the breakdown of fuel hydrocarbons.  Researchers have found 
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that specific radical species create pollutants like poly-aromatic hydrocarbons (PAHs) 
[10].   
 
Figure 1.1.  Generic reaction mechanism (temperature < 900 K).  Dot above a particular 
atom denotes a radical species [11]. 
  
The reaction scheme in Figure 1.1 was first proposed by Semenov [11, 12] and has 
formed the basis for later research, which proposed the existence of the peroxy radical 
species (labeled as    ̇ ) and their importance in the ways that fuel hydrocarbons 
decompose.  It is worthwhile to point out two facts from Figure 1.1: 
- First, it has been shown that the hydroperoxy species, ROOH, dominates the 
chain propagating step (equation 1.4) over the aldehyde at low temperatures (< 900 K) 
and moderate pressures (105 - 108 Pa) [11].  The aldehyde does not lead to the 
degenerate chain branching (or the breakdown of the fuel hydrocarbon) steps (reaction 
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1.7 in Figure 1.1), which are important in the consumption of fuel hydrocarbons and the 
resulting release of energy. 
- Second, degenerate branching marks the propagation of radical species specific 
to the induction period before the chain branching begins to dominate the system.  The 
induction period is defined as the early pool of radical species and marks the beginning 
of hydrocarbon breakdown in combustion [11].  This period is followed by the explosion 
(or significant heat release) period [11].  This is an important step determining the end 
fate for our hydrocarbon fuels and has been a rich area of research for the Meloni group 
in understanding the      radical (the hydroperoxy alkyl radical isomerizes from 
internal hydrogen abstraction of the    ̇  or peroxy radical) and its role in engine knock 
and lowered efficiencies [13]. 
 
 
Figure 1.2. Depiction of ignition region for combustion engines.  This ignition region 
indicates the difference between the systems [14]. 
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Increased interest in these types of reactions is due to the advent of combustion 
engines that take advantage of compressed multi-site auto ignition to initiate volumetric 
combustion and thereby increase efficiencies [9].   The HCCI or homogenous-charge 
compression ignition engine is a combination of spark ignition gasoline engines and the 
compressed ignition or diesel engines [15].  In Figure 1.2, the ignition region can be 
seen as one difference between combustion engine types.  Other differences include 
spark or ignition timing, fuels, mixture with air, and where the ignition region starts.  The 
advent of the HCCI engine has a potential two-fold impact, increased thermal efficiency 
and low NOx and sooting emissions [16].  One of the principal challenges of the HCCI 
engine is combustion phasing, or the time initiation (when ignition of fuel is started) and 
termination of combustion.  Auto-ignition of a fuel-oxidizer mix is dependent on the 
properties of the blend and the time-temperature profile it is exposed to [17].  Outside of 
engine parameters, energy content and mechanistic pathways at lower temperatures 
become important in order to optimize such a system as the HCCI engine.  In this case, 
one speaks of fashioning a „designer‟ fuel.  A fuel that can be constructed using the low 
temperature oxidation theory will be best equipped to handle the phasing requirements 
of a HCCI engine and lowered emission standards. 
 
1.4 Fuel Additives 
Fuel additives and alternatives to petroleum fuels have been enlisted to promote 
engine efficiency and to reduce pollutant emissions.  The additives vary for each type of 
combustion engine.  The main engines used in land transportation vehicles involve 
either gasoline (or spark ignition) or diesel (compression ignition).   The combustion in a 
gasoline engine is initiated when the fuel/air mixture is ignited by an external source in 
the engine‟s piston.  In contrast, the combustion in a diesel engine is started by the 
temperature and pressure increase caused by the adiabatic compression of the engine‟s 
piston [18].  As a result of the varying designs of diesel and gasoline engines the 
physical and chemical properties of their individual fuels differ; the additives supplied for 
each engine system also vary. 
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 In gasoline engines, it is important for engine performance that the fuel does not 
ignite earlier or before the external spark has ignited.  A premature and spontaneous 
explosion leads to the phenomena called engine knocking causing inferior combustion of 
the fuel/air mixture and continuous engine damage.  Oxygenated fuel alternatives or fuel 
additives may offer a more resilient fuel mixture with better antiknock properties.  The 
additives may control the consumption and growth of radical species upon injection and 
compression of the combustion engine.  This would lead to a hotter ignite and prevent 
premature ignition before the external spark.   These alternatives may be used with fossil 
fuels to reduce consumption and reduce greenhouse emissions by controlling radical 
pathways.   
In diesel engines, spontaneous combustion is important as soon as the fuel is 
injected into the combustion chamber at the apex of the piston stroke.  A short delay 
after the initial injection is important for engine performance and lower emissions. The 
cetane number of diesel fuels quantifies the auto-ignition properties of diesel fuels.  
Fuels with higher cetane numbers have better engine performance, lower emissions, 
less idle noise, and increased cold start performance.  The use of cetane improvers or 
additives helps improve cetane numbers of diesel fuels cost effectively.  The additives 
are relatively unstable compounds that create radicals at lower temperatures.  These 
radicals are thought to promote auto-oxidation of the diesel fuel and initiate combustion 
[19]. 
 
1.4.1. Chemical Composition 
The additives for the gasoline and diesel engine systems discussed have 
opposite mechanisms of action.  As a consequence, the compounds are mutually 
exclusive for each engine system.  Diesel engines employ relatively unstable 
compounds to boost the cetane number of their fuels.  Some sample cetane improvers 
are 2-ethylhexyl nitrate, isopropyl nitrate, tetraethylene glycol dinitrate, and di(tert-butyl) 
peroxide.  The emphasis on this study is focused on oxygenated compounds that have 
been employed as alternatives and additives to gasoline engines.  The largest example 
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in today‟s market is ethanol, which is blended with gasoline.  Figure 1.3 illustrates some 
other oxygenated additives that are being used, or have been listed as potential 
regenerative additives.  These oxygenated hydrocarbons set the stage for the oxidation 
studies for this thesis, which concerns mainly furan chemistry. 
 
Figure 1.3 Chemical structures of nonalcohol oxygenates [20]. 
   
1.4.2. Biofuels 
Today, fossil fuel reserves, measured at greater than 5000 gigatons of carbon, 
compared with global consumption at an estimated 6 gigatons per year, give ample time 
for adjustments to energy needs [21].  However, growing concerns about CO2 
atmospheric concentrations, coupled with political turmoil surrounding the major 
reserves, has increased pressure on sourcing „carbon-neutral‟ energy that allows for 
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economic growth and equity [22]. The core of a viable alternative to fossil fuels is 
centered on regenerative sources.  One such source can be found in biological based 
liquid fuels or biofuels.  Biofuels may be derived from food, plant oil, biomass, or 
biomass waste.  A problem arises in sourcing food based plant matter for fuels.  
Specifically, an alternative to petroleum fuel must not only be competitively priced, 
environmentally positive, and producible on a large enough scale to meet energy 
demands, but it must use sourcing outside of food crops or manage unusable crop 
waste in order to remain viable [23].  Research has shown that lignocellulosic biomass 
offers a more competitive alternative as a source for production of liquid fuels [24].  
Lignocellulosic biomass is defined as the woody, pulpy bi-products of paper waste or 
agriculture that are non-edible plant matter [25].  Here, the practicality of a potential 
biofuel focuses on a carbon neutral solution, or one that sequesters the carbon dioxide 
emitted by its use in combustion systems through the continued growth of biomass 
crops. 
The capture of solar energy through photosynthesis allows plants to store energy in 
one form as cell wall polymers.  These biological polymers consist of cellulose, 
hemicellulose, and lignin [26].  Displayed in Figure 1.4, the plant cell walls are comprised 
of macro fibrils made up of these biopolymers.  In lignocellulosic conversion (or the 
conversion of these plant cell wall polymers), the hemicellulose and cellulose portions 
are broken down into their sugar monomer units.  Cellulosic fuel production involves the 
acquisition of biomass, breakdown methods of cell wall polymers, and conversion of 
subsequent sugar monomers into potential biofuel compounds or industrially important 
biochemicals.  
The U.S. Department of Agriculture (USDA) estimates that the U.S. could produce 
1.3 x 109 metric tons of dry biomass in a year.  This would allow the country to still meet 
its food, feed, and export demands [27].  This weight in biomass is equivalent to 3.8 x 
109 boe (barrels of oil energy equivalent) with U.S. consumption marked at 7 x 109 bbl 
per year (barrels of oil) [28, 29].  As of June 2012, lignocellulosic biomass is on the right 
path to become a competitive alternative to petroleum resources.   
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Figure 1.4. Image shows plant structural polymers, hemicellulose, cellulose, and lignin.  
The expanded rectangles at the bottom show the sugar monomers that make up 
cellulose (on the right) and hemicellulose (on the left).  These cell wall polymers may be 
thought of as secondary storage of solar energy through photosynthesis, specifically, the 
sugar monomers that make up hemicellulos and cellulose.  These three polymers make 
up the macrofibrils that support plant cell walls [26]. 
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Chapter 2: Experimental Apparatus 
 
2.1 Introduction 
This chapter details the apparatus utilized in this research along with a short 
section on data analysis. The experiments were conducted at the Chemical Dynamics 
Beamline of the Advanced Light Source in Berkeley, CA. We used a quasi-continuous 
tunable vacuum ultraviolet radiation to probe our systems in conjunction with a time-of-
flight (TOF) mass spectrometer (MS). This MS-TOF consists of a slow flow quartz tube 
reaction chamber, photolytic laser, and orthogonal signal detection system. An overall 
schematic is illustrated below (Figure 2.1). 
 
 
Figure 2.1.  oa-TOF-MS schematic. 
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2.2 Slow Flow Tube 
The reaction is initiated along a side sampled 62 cm long quartz flow reactor tube 
with an inner diameter of 1.05 cm.   Free radicals are generated via photolysis by an 
unfocused excimer laser pulse (fluence 10-60 mJ cm-2, pulse-width of 20 ns, and 
wavelength of 248 or 351 nm).  These radicals propagate collinearly down the quartz 
tube [1].  Reaction gases are measured by individual calibrated mass flow controllers 
and fed down the tube.  The pressure measured in the reactor by a capacitive 
manometer is controlled by a closed-loop feedback throttle valve connected to a Roots 
pump removing gases from the cell.  A 400-650 µm pinhole in the side of the reactor 
tube, located 35 cm downstream from the opening, allows gases to effuse as a sampled 
„beam‟ into the source chamber [2].  The source chamber is evacuated with a 3200 L s-1 
oil free turbo molecular pump [1].  The temperature inside the cell is measured by a 
thermocouple utilizing a closed-loop feedback circuit controlling the gas temperature 
over the range 300-1050 K.  The tube, itself, is also thermally insulated by a 18 µm thick 
Nichrome tape in order to minimize temperature gradients.   
 
2.3 Excimer Laser 
 
 The reaction is initiated using an exciplex laser.  The radical precursor, in this 
case chlorine gas for Cl or urea hydrogen peroxide for OH, undergoes photolysis and 
flows down the quartz tube in order to initiate the reaction with our target reactants.  
Photolysis or photodissociation describes the breakdown of a chemical compound by 
photons.  The excimer laser produces radiation with the energy capable of breaking 
chemical bonds, like the one in Cl2 gas to produce Cl* radicals.  In this section, a preview 
of the action of exciplex lasers will be presented.  The word laser is defined as the 
acronym of light amplification by stimulated emission of radiation.  In this stimulated 
emission, an excited electronic state of a molecule emits a photon as a release of 
energy to return to a lower state.   
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 To achieve an efficient lasing action, the laser medium must have a population 
inversion in its metastable state.  A population inversion state for a molecule can be 
described as one where a molecule is mostly in an excited state.  This is directly 
opposed to a rested or thermal equilibrium state.  The metastable state is higher in 
evergy and induced by exctitation.  This induction is known as pumping.  Figure 2.2 
illustrates the transitions typical of a four level lasing action.  The word lasing is used to 
describe the stimulated emission action.   
 
Figure 2.2. A schematic of an efficient medium for laser action, known as the four state 
lasing action.  The lasing action occurs after the initial pumping of the laser medium 
molecules.  An initial excited state is followed by the fast transition to a metastable state.  
It is from this metastable state that the molecules may emit radiation as they return to a 
lower energy state [3].   
 
For efficient lasing action, the molecules must transition into a situation where 
more species exist in an excited state versus the thermally preferred, at equilibrium, 
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lower state.  An illustration of lasing action is presented in Figure 2.3, which describes 
the lasing medium‟s initial environment and the metastable state that must be achieved 
with a population inversion in order to induce lasing.  
 
 
 
Figure 2.3. Illustration of a laser action.  (a) An exciplex molecule will populate mostly 
the lowest energy state, according to the Maxwell-Boltzman distribution of states at 
equilibrium [4].  (b) Most of the molecules are excited by, for example, an electric 
discharge.  This process is known as a population inversion. (c) Lasing action is then 
induced as a cascade of radiation emitted.  This is achieved as the molecules release 
energy to return to their initial, lower state. 
 
For exciplex (or excimer) laser, the lasing medium consists of a mixture of 
fluorine and argon and helium (used as a buffer gas).  An electrical discharge excites the 
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fluorine, which combines with the argon (or a different noble gas depending on the 
wavelength desired) to form the exciplex, ArF*.  To be concise, an exciplex can be 
defined as any molecular combination of two atoms that exists only in the excited state 
and will dissociate as soon as the excitation energy is discarded.  For us, a premixed 
gas of 1% fluorine with either xenon or krypton is used depending on which resulting 
wavelength is needed.  The exciplex KrF* and XeF* will yield photons with wavelengths 
of 248 and 351 nm, respectively.  Figure 2.4 describes the transitions that induce lasing 
action specific to exciplex molecules.  The exciplex molecule, described as AB*, exist 
only after initial pumping and dissociates upon relaxation.  This phenomenon is 
responsible for the lasing action. 
 
 
Figure 2.4.  A molecular potential energy curve of an exciplex.  This curve illustrates the 
species AB* transition upon emission of energy into its lower dissociative state.  For an 
exciplex, only the upper state exists while the lower state is unbound, i.e., dissociative 
[3]. 
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2.4 Vacuum 
 
Vacuum control is an important part of the experimental set-up.  Vacuum 
technology sets the backdrop for most of mass spectrometer, allowing for flow 
throughout the setup and guided control of reactant concentrations.  The next section 
will preview the pumps involved with our orthogonal PIMS (Photoionization Mass 
Spectrometer) and detail their components and function.  There are three different 
vacuum pumps utilized throughout the apparatus.  All of these pumps are designed to be 
free of hydrocarbon contamination (i.e., functioning oil-free).   
 
The largest of these pumps is the turbo molecular pump.  This pump evacuates 
the reaction chamber at 3200 L s-1.  These pumps are coupled with a backing scroll 
pump.  This is important to allow a sufficient momentum transfer from the rotating blades 
of the rotor wheels to the gas molecules, usually below 10-1 Pa.  Developed in 1957 by 
Becker [5], it was not until 1960 that Kruger and Shapiro [6] published their work 
itemizing the mathematical understanding to optimize the pump for the future [7]. The 
actual pumping speed S is dependent on both the molecular weight of the gas pumped 
and parameters of the blade (as a function of the ratio   ⁄  of the blade speed   and the 
mean thermal velocity   of the gas particle), seen in Figure 2.5 and represented in the 
equation below: 
S = 
 (     ) 
 (
 
{ [  (
  
 
)]}
 
 (     )
 
)
                                                                        (2.1) 
where F is the pumping aperture of the wheel, α is the blade angle, ds is the blade 
thickness, h is the blade distance, and k is the trapping probability, which is   1 [7]. 
  In Figure 2.6, a display of the stacked wheels with coaxial blades is presented.  
The moving wheels rotate with the two sets of blades.  One set are inclined with respect 
to the downward axis (or direction through which gas will be pumped) and rotate (as a 
part of the rotor) and the other set, alternately, fixed (at 90 degree angle to first set of 
blades and called the stator) forcing gas molecules through the small channels or 
distance between the next wheel set.  These small channels between the wheels act as 
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molecular drag pumps [7].  These channels on one wheel are connected in parallel and 
yield pumping speeds of greater than or equal to 1000 L s-1 [7].  
As mentioned above, the reactor tube is evacuated by a Roots pump.  This pump 
is used in series with the turbomolecular and backing scroll pumps.  The roots  
 
Figure 2.5. Diagram of turbomolecular blade parameters: α, blade angle; d, blade 
thickness; h, distance between blades; t, hypotenuse of angle α [7]. 
 
pump is a type of dry rotary displacement pump.  The set-up consists of two 
synchronously counter-rotating rotors separated by a thin gap (0.05-0.25mm), which are 
synchronized by external gears and rotor bearings that are lubricated with oil but  are 
sealed from the internal vacuum [7].  Figure 2.7, below, offers a pictorial representation 
of the rotary pump process.  The roots pump vacuum system has a capacity of 75 to 
30,000 m3/h with an operating range from 10 to 10-3 mbar total pressure, with the inlet 
pressure being sensitive to fore pressure [7] . 
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Figure 2.6. 3-D representation of a turbomolecular pump [8]. 
 
Figure 2.7. Schematic of rotary pump principle [9]. 
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Lastly, the turbo molecular pumps are backed by a forepump, specifically, a 
scroll pump.  The scroll pump has a pumping speed of 20 to 50 m3/h with an operating 
pressure range of 1000 to 10-2 mbar [7].  This pump is comprised of two main parts: a 
stationary and an identical moving scroll [7].  The moving scroll is mounted by a spigot(s) 
that ensures, with the rotation of the shaft, an orbital motion of this member.  A 
schematic representation is given below in Figure 2.8.  The scroll pump offers almost no 
contamination when pumping clean systems because, like all pumps used in the system, 
they are designed to be oil-free. 
 
 
Figure 2.8. Schematic of scroll pump in situ [7]. 
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2.5 Photoionization Source 
 
In order to detect the reaction species, a specific energy range is required for 
photoionization.  In our experimental apparatus this ionizing energy is supplied by a 3rd 
generation synchrotron.  The Advanced Light Source (ALS) synchrotron is maintained as 
a part of the Lawrence Berkeley National Laboratory. Our experimental apparatus is at 
the Chemical Dynamics Beamline.  To allow a better understanding of the experimental 
set-up, I will briefly discuss  the unique properties of this synchrotron radiation. 
 
 
Figure 2.9. Schematic of the ALS at the Lawrence Berkeley National Laboratory [9]. 
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The Advanced Light Source produces high brightness (1021 photons cm-2     sr-1), 
tunable (7.2-25 eV at the Chemical Dynamics Beamline), quasi-continuous, and medium 
resolution (E / ΔE   1000) VUV (vacuum ultraviolet) radiation [10, 11].  The synchrotron 
is comprised of an electron generator, linear accelerator, booster ring, storage ring, and 
the beamlines represented schematically in Figure 2.9. 
The ALS starts with the electron gun and linear accelerator that 
electromagnetically catapult electrons from a standing start to a velocity near c, speed of 
light.  The electrons are produced in the gun by thermionic emission from a heated 
cathode.  The Linac, or linear accelerator, acts as a particle accelerator, rapidly 
speeding up electrons by passing them through oscillating electric fields along a linear 
path [12].  The Linac then injects electrons into the booster ring, which boosts them to 
99.999994% of c to attain a target energy through radio frequencies generated in the RF 
cavity.  The basic components of the RF system include the klystron (or microwave 
amplifier), the waveguides (or conduit for electromagnetic radiation), and the RF cavity 
that receives RF energy from the klystron and passes it on to the electrons restoring any 
loss due to radiation emission [11].  Once the electrons reach an optimum energy, they 
are injected into a roughly circular storage ring under vacuum.  Here, the electrons circle 
millions of times per second.  In the storage ring, the electrons are subject to bending 
magnets, which allow the electrons to „bend‟ in trajectory to maintain a closed orbit and 
continuous supply.  The best way to produce synchrotron radiation specific to beamline 
needs can be seen with the use of insertion devices called undulators or wigglers (with 
the difference being an undulator produces radiation that is concentrated in a narrow 
photon energy band whereas a wiggler may have a broader band) [13].  These devices 
„wiggle‟ electrons back and forth to form a narrow beam of light that is, roughly, a 
hundred times brighter than conventional X-ray sources.  This is accomplished with a 
periodic array of alternating magnets that force the electrons through a series of 
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oscillations around their mainly straight trajectory [13].  Figure 2.10 includes the 
mathematical representation of the resulting photon energy from a bend-magnet and an 
undulator. 
 
Figure 2.10. Illustrating the difference in bend magnets and undulators [11]. 
 
2.6 Beamline 
The synchrotron light is directed to beamlines for specific experiments.  At the 
Chemical Dynamics Beamline 9.0.2 the light is directed from the storage ring and 
passes through a gas filter and monochromator.  The most important function of the 
beamline is to select a narrow band of photon energies required by the experiments 
while filtering out the broad spectrum of synchrotron radiation.  Specifically, these filters 
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remove unwanted high energy harmonics and help to achieve narrower spectral 
bandwidths (within 10-50 meV) [10]. 
From the storage ring, the radiation passes through a gas filter, which is 
essentially a windowless absorption cell filled with 30 torr of either Ar or Kr gas.  It 
functions to remove harmonics of the undulator radiation with energies above the 
ionization energies of these gases [1], i.e., 15.759   0.001 eV for Argon [14] and 
13.999809 ± 0.000001 eV for Krypton [15].  From this point in the beamline the radiation 
encounters a monochromator.  At the Chemical Dynamics Beamline a 3 m off-plane 
Eagle monochromator is utilized.  A monochramator is an optical device that uses, in this 
specific case, diffraction grating to filter a broad, polychromatic band of light to a specific 
wavelength.  This normal incidence monochromator selects photon energy values 
through concave spherical grating.   
A selection of wavelength by the monochromator follows the optical principle of 
Bragg‟s law.  An incident beam of light hits the diffraction grating and will be reflected, or 
constructively interfered, if the incoming angle, or glancing angle θ, is specific to the 
wavelength of the grating.  Bragg‟s law is defined as, 
          [4]                                                           (2.2) 
where d is the the distance of successive grating mirrors (or the distance between 
planes of reflecting lattice in a crystal), n is an integer determined by the order given and 
θ is the glancing angle.  In Figure 2.11, d would be the distance between the grooves (or 
ridges) of the grating and the integer n would define the order of reflection for the 
specific λ. 
Diffraction gratings usually consist of a glass or ceramic plate.  This plate has 
fine grooves cut into it.  Each cut is covered with a reflective aluminum coating.  Figure 
2.11 displays the selection of the incident beam, at angle θ, into several light beams of 
varying wavelengths that emerge at different angles Φ.    
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Figure 2.11. Diffraction grating separates an incident polychromatic beam by scattering 
light by fine grooves cut into coated glass.  The incident beam strikes the grating at 
angle θ and displaces monochromatic light at angles Φ [4]. 
 
Figure 2.12 provides a picture in situ of the monochromator at the Chemical 
Dynamics Beamline.  The arrows illustrate the input of the incident beam from the 
synchrotron and the resulting monochromatic radiation used for our experimental 
apparatus.  
 
Figure 2.12. Picture of monochromator used at ALS (taken Summer of 2009). 
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2.7 Experimental Set-Up 
Our experimental apparatus consists of an orthogonal-acceleration time-of-flight 
(oa-TOF) mass spectrometer (MS) coupled to the ALS [16]. Below, there will be a 
description of this MS and its detection system. 
 
    2.7.1 TOF-MS 
 Our apparatus uses an orthogonal acceleration TOF.  A schematic 
representation of the entire oa-TOF-MS can be seen in Figure 2.1.  A TOF-MS is based 
on the following principle: Ions of varying mass-to-charge (m/z) are scattered and 
selected in time by their mass during their flight along a field free drift path of a known 
distance [17]. 
This basic principle can be described mathematically as an ion with an energy 
uptake Eel moving through voltage U with an electric charge q and mass mi is given by 
Eel = qU = ezU                                                                                   (2.3) 
The variable z is an integer number of electron charges e. 
Therefore, the translational motion, or kinetic energy Ekin, of the ion in an electric 
field is equal to its potential energy described as 
Eel = ezU = ½ miv
2= Ekin                                                                          (2.4) 
Using a first approximation and assuming the ion started at rest, the velocity can 
be correlated to the ion‟s mass by 
v = √
    
  
  = 
 
 
                                                                                       (2.5)     
The above equation can be transformed in order to obtain the relationship 
between time and velocity [17].  Using substitution one can easily attain a time t to mass 
mi equation over given distance, s.                                            
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After effusing through the quartz reactor tube pinhole the gas beam of reaction 
species (i.e., reactant and products) are ionized with VUV radiation.  Here, at the 
ionization region of the TOF analyzer pulses of ions are extracted and focused 
orthogonally from a continuous ion beam leaving the ion source [17].  The oa-TOF-MS 
extracts the ions at a repetition rate of 50 kHz. After the heaviest masses have crossed 
the field free drift path into the detector the ion source accelerates and pulses another 
package of ions.  Micro-channel plates (MCP) are employed as the detector.  Also, due 
to the higher speed in sampling rate detection and the need for better resolution time-to-
digital converters (TDC) are utilized to package output of the detector for computer-
based data storage and processing [17].  
    
2.7.2 Micro-Channel Plates (MCP) 
 In order to visualize the ion pulses along the orthogonal TOF analyzer, the micro-
channel plate detector was utilized.  This technological advance represents the extreme 
reduction of size of linear channel electron multipliers (CEM), also known as linear 
channeltrons, normally employed in mass spectrometry systems.  The MCP detector can 
be thought of as millions of micrometer (in diameter) tubes placed together to yield a 
channel electron multiplier array (each channel acting as an independent electron 
multiplier) [18].  This plate is aligned a few degree off axis (perpendicular to the plate‟s 
surface) of the ions entering in order to prevent ions entering parallel [17].  The tubes 
detect voltage drops, as CEM‟s, upon an ion strike internally.  These glass tubes accept 
a single incident particle (ion, electron, or photon), and an electron is emitted as the 
particle strikes the channel wall.  A cascade of secondary electrons (as the initial 
electron strikes the channel wall again) is accelerated by an electric field; this field is 
created by a voltage applied across both ends of the MCP.  The electrons follow a 
parabolic trajectory until finally hitting the rear plate.  This creates a cloud of electrons 
that emerge from the rear of the plate and also preserves a spatial pattern of electron 
pulses.  These pulses create the individual pattern (image) particles incident on the front 
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surface of the plate of each channel (tube).  In Figure 2.13, one can see a sample 
incident particle and its subsequent cascade.   
 
Figure 2.13. Schematic of a single linear channel electron multiplier (CEM).  The MCP 
are made up of millions of micrometer glass tubes that act as individual CEM's [17]. 
 
In our apparatus two MCPs are stacked together with small angles opposing each other 
in order to amplify resolution (see figure 2.14).  This configuration is called Chevron.  
Stacking of MCP‟s allows the system to obtain gains of 106-107 [17].  A stacking of three 
MCP‟s, or z-stack, will allow for a gain up to 108 [19].   
 
 
Figure 2.14.  Micro-Channel plate configurations as a single, double, and triple stack 
[17]. 
 
2.8 Data Acquisition 
 The unique multiplexing ability of the current time-of-flight mass spectrometer 
set-up allows for rich data collection.  To initiate a reaction, the laser propagates down 
the reactor tube forming radicals. Starting at time t0, which corresponds to the initial firing 
of the laser, the chemical composition will begin to change as the reaction unfolds.  This 
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raw data stream, collected by the time-to-digital converter (TDC) from the micro-channel 
plates (MCP) outputs, represents ions, mathematically, as matrices with recordings for a 
mass-to-charge ratio (m/z), reaction time (ms), and photon energy [2].  As the reaction 
species are skimmed into the ionization region, the photon energy is increased along a 
specific range by increments of 0.025 eV over a predetermined energy region [10].  At 
successive photon energies the experiment is repeated and averaged, for up to 200-250 
laser pulses per shot at intervals of 0.025 eV between a sample energy range, e.g., 8-11 
eV, to improve the signal-to-noise ratio.  To restate, the data is collected and best 
represented as a three dimensional data block along mass, time (ms), and photon 
energy (eV) axis.  
 
2.8.1 Data Representation 
 While data is acquired in three-dimensions, it is difficult to visualize and interpret.  
Utilizing user defined computer programs, the data can be imaged along 2 dimensional 
slices, namely an energy versus mass and a mass versus time profile (see Figure 2.15).   
 Upon further analysis, one can document the kinetic-time (1-D slice of the mass 
versus time) profile of a specific mass during the entire reaction period.  In correlation, a 
photoionization efficiency (PIE) curve or photoionization spectrum can be plotted by 
taking a 1-D slice of the energy versus mass 2D representation.   These PIE curves offer 
important observables, such as ionization energy values, while the kinetic trace can 
provide useful insights of the nature of the specific mass being analyzed.  With this 
information, researchers have the opportunity to correctly profile product formation, 
connect parent species, and correlate reactivity in the gas phase.  The analysis involves 
wave approximations and computational methods previewed in the next section.  These 
wave approximations account for the Franck-Condon factors in vertical transitions of a 
neutral species (specific m/z) to its cationic species, revealing an individual efficiency 
curve.  This is made possible through the Gaussian 03 suite, CBS-QB3 level of theory, 
and the PESCAL program. 
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Figure 2.15.  Diagram of 3-D data block with sample slicing including photon efficiency 
curves (top left) and kinetic time profiles (top right) [1]. 
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2.8.2 Analysis 
 Interpretation of the reaction data requires the analysis of photoionization 
efficiency curves and kinetic time traces of prospective products.  To elucidate products, 
absolute PIE curves and/or ab initio quantum chemistry computational methods may be 
employed.  Here, the word absolute is used to signify a specific molecule unique 
phoionization spectrum (without any other isomeric species) where the plot is made of 
the total photoionization cross-section of the species (y-axis) versus the photon energy 
(x-axis) determined experimentally.  A total photoionization cross-section simply 
represents the electronic effective area of a particular molecule in which the probability 
to absorb the radiation and, therefore, ionize is highest. 
A wide range of diagnostic approximations exist to correlate molecular 
photoionization curves with experimental data.  As a part of Prof. Meloni‟s research 
group, I utilized the Gaussian09 molecular modeling program, specifically the composite 
model of theory (CBS-QB3) for computation of energetics and molecular parameters, to 
optimize bond distances and harmonic vibrational frequencies [20].  The CBS-QB3 
provides accurate optimized bond lengths, harmonic frequencies, and force constants.  
The complete basis set (CBS) approximation allows the calculation of reliable 
energetics, which can be used to obtain thermodynamic quantities and ionization 
energies.  The molecular parameters optimization is achieved using the density 
functional B3LYP level of theory, which has been proven to provide good geometrical 
parameters [20].  Optimized molecular parameters of both the neutral and cation ground 
electronic states are employed in the PESCAL [21] program to carry out spectral 
simulations within the Franck-Condon approximation.  These simulations are used, with 
results that are particularly useful, when experimental absolute PIE curves are not 
available.   
Figure 2.16 provides a display of active research data compiled from a reaction 
tested in winter of 2010.  This chart connects the experimental data with the computation 
approximations in order to correlate gas phase reactivity of our reactant species under 
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specific reaction conditions.  Looking at the data block acquired from our experimental 
apparatus we will focus on two main data sets.   
First, the two dimensional EX slice, slicing the photon energy band versus the 
mass-to-charge ratio, yields one dimensional plots at varying masses for the reaction.  
These plots graph individual mass ion intensity (arbitrary units) on the y-axis versus the 
photon energy (eV) scan for the reaction on the x-axis.  This plot is also known as the 
photoionization spectrum or PIE curve.  These curves represent the individual isomeric 
species populating a specific m/z that has been sliced from the two dimensional EX plot.  
Diagnostically, the PIE curves offer individual shapes and onsets depending on the 
isomeric species populating that mass.  The shapes and onset depends on species 
adiabatic ionization energies, Franck-Codon factors, and absolute intensities based on 
electronic dipole moments. These curves will be discussed in more detail in Chapter 3. 
Second, a kinetic time profile may be acquired from the two dimensional slice of 
the ALS data block, plotting mass-to-charge ratio versus reaction time.  Again, this two 
dimensional plot or XT graph is used to create individual kinetic time profiles of species 
populated during the reaction.  The kinetic time profile, or XT slice, is the plot of ion 
intensity (arbitrary units) versus reaction time (ms).  These profiles provide information 
on formation and depletion characteristics of species as the reaction proceeds.  For 
example, reactant species will show a depletion of ion signal, visualized as a signal drop, 
as the reactant is being consumed during the reaction forming product species.  For 
stable products the plot will show an initial onset and plateau of ion signal until the 
reaction is over.  As a diagnostic note, sometimes photodissociative products, or 
products that are formed from either a reactant or product species fragmenting upon 
ionization, can be matched with the parent species by matching kinetic profiles.  Figure 
2.12 shows two kinetic profiles: the bottom two plots in the upper left-hand of the picture.  
The plot on the left, showing an initial rise and fall of a species followed by a lower 
intensity plateau, displays the complexity of the kinetic profiles.  The initial peak is likely 
of a product species that simultaneously forms and depletes as a part of secondary 
chemistry after the reaction begins.  The lower intensity plateau may be attributed to 
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another isomeric species at that mass that is formed steadily throughout the reaction.  
The plot on the right is also a XT-slice.  This kinetic profile is typical of a stable product 
with the initial rise of intensity at the start and a stable signal as the product is continually 
formed throughout the reaction. 
 
 
Figure 2.16.  Data analysis diagram: Photonionization curves and kinetic time profiles of 
specific product m/z are used in conjunction with ab initio computational methods or 
experimental data to identify isomeric species. 
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Chapter 3: Theoretical Concepts  
 
3.1 Introduction 
Our research is in the general area of combustion chemistry using both 
theoretical and experimental physical chemistry methods.  More specifically, our 
research involves pseudo-combustion experiments where target molecules are reacted 
with photolytic precursors and irradiated with synchrotron photons.  In this chapter there 
will be a brief discussion of the behavior of photons, their interactions with molecules, 
approximations of vibrational levels and molecular orbitals, and rules used to describe or 
predict experimental data. 
 In recent years, an emphasis on combustion systems has been sparked by 
rising petroleum prices and the increased concern of rising CO2 concentrations in the 
atmosphere and its effect on the climate. Efforts across the globe have been focused on 
constructing a better understanding of reaction kinetics for hydrocarbons and 
oxygenated fuels involved in combustion.   Utilizing the ALS and the TOF-MS, we can 
probe low temperature oxidation reactions in an effort to understand the responsibility of 
radical and intermediate species in product formation pathways that lead to PAH 
(polyaromatic hydrocarbons) and soot in combustion.  Also, in understanding small 
hydrocarbons and the effects of differing functional groups, we can display how biofuel 
pathways compare and contrast to varying petrol-based fuels [1].  All of this information 
is to help provide a better option for energy use, outside of petroleum resources.  
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3.2 Photochemistry 
In simple terms, our experimental approach is to interpret the results obtained 
from the interaction of photons with molecules.  A series of photochemical processes 
have been categorized and describe the subset of chemical interactions involved in this 
group‟s experimentation. The following list describes the different known photochemical 
interactions with some examples: 
 
Figure 3.1. Examples of photochemical events [2]. 
 
3.2.1. Photoionization 
It is convenient to depict the electronic environment of molecules and atoms in 
terms of orbitals.  Orbitals help scientist to define molecular environments within close 
approximation and these approximations help describe the spatial distribution of an 
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electron within an atom or molecule.  Specific to our research, electron spectroscopy 
may be defined as the study of the interaction of an electromagnetic radiation with these 
electronic orbitals and an electron‟s transition between them, which translates into the 
emission or absorption of a photon [3].  
A photon is described as a quantum of electromagnetic radiation or light.  Here, 
quantum refers to a photon as the smallest discrete value of light. A photon‟s energy has 
been described as the product between the frequency of the radiation,   which is equal 
to 
 
 
  , and Planck‟s constant,  :  
      
  
 
                                                    (3.1) 
where    is the speed of light and   is the wavelength associates with the photon.    
When approximating orbitals, it is said that each orbital has a discrete energy, 
  , where n describes which orbital [3].  In order to achieve a transition between orbitals, 
an electron must experience a certain photon energy specific to the energy difference 
between the two orbitals, described as          .  In electron absorption 
spectroscopy, changes in intensity of incident radiation corresponds to the absorption of 
specific energies, or   .  These changes in intensity mark transitions between certain 
orbitals as electrons absorb the incident radiation as a function of wavelength [3].  
Photoelectron spectroscopy, the realm of our experimentation, is a special case of 
electron absorption spectroscopy.  In this situation, enough energy is supplied to an 
electron such that it will exceed all the bound orbitals.  This electron has, therefore, 
surpassed the binding forces of the atom or molecule and, it is said, exceeded its 
ionization limit.  We can define the minimum energy to exceed this limit as the ionization 
energy of that specific orbital.  Photoelectron spectra allow the measurement of 
electrons‟ ionization energies from various occupied orbitals.  From conservation of 
energy the energy (  ) provided by an incoming photon is defined as: 
                                                                (3.2) 
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where     is the ionization energy of an electron in orbital  ,       is the cation‟s kinetic 
energy, and     is the electron‟s kinetic energy [3].  Due to the size of an electron 
compared to the atomic nucleus, most of the kinetic energy is taken away by the 
electron, due to a negligible ion recoil velocity.  In this case,       may be ignored and 
the spectra is recorded as a function of the electron‟s kinetic energy with fixed   .  In this 
way, for the simplest case in atoms, the spectral peaks, at varying electron energies 
(measured in electron volts or eV, 1 eV = 8065 cm-1 = 96.485 kJ mol-1), correspond to 
the ionization energies of electrons in varying occupied orbitals.  It is important to note 
that the spectra of molecules involve rotational and vibrational transitions that dictate 
peaks‟ shape and position.  This will be discussed in more detail later. 
 It is also important to describe the molecular reaction of photoionization as: 
                                                              (3.3) 
The molecule,  , and its cation,   , are assumed to be in their electronic and 
vibrational ground state.  The absorption of the incident photon by the atom or 
molecule‟s electron and its subsequent transition occurs much quicker than the nucleus 
reaction.  Consequently, as the internuclear distances of the electronic ground state of 
the neutral molecule and its cation maybe different, the molecule will vibrate in order to 
displace energy as the electron returns to the its electronic ground state of the neutral 
species.  The transitions and spectral peaks due to this vibronic motion are governed by 
the Franck-Condon principle and will be discussed later. 
3.2.2. Quantum Mechanics and Orbitals 
  In our understanding of atoms and molecules and their interaction with photons, 
we employ terms like excited electronic states and orbitals to help us characterize 
experimental phenomena.  It was quantum mechanics developed by Heisenberg, 
Schrödinger, Dirac, Born, Oppenheimer, and others that helps us characterize these 
phenomena [4].  It is the application of these quantum mechanical approximations that 
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are embodied in our ab initio calculations of molecular structures and their observable 
properties.  The ab initio methods will be discussed later in the chapter. 
An orbital is described as the spatial distribution of an electron contained within 
an atom or molecule.   A deep description of this theory will not be discussed, as it is 
beyond the scope of this research thesis.  Instead, there will be a brief introduction into 
the ideas surrounding our understandings of the interaction of light and matter specific to 
spectroscopy and the development of the analytical tools used to interpret spectra. 
At the turn of the 21st century, Einstein had introduced the photon theory, but 
physicists were still struggling with the interpretation of photons as particles or waves.  
Physicist de Broglie finally helped merge the gap.  Proposing in his PhD thesis, de 
Broglie wrote that photons, in fact, have both wave and particle properties, for which he 
won a Nobel Prize.  This idea became known as wave-particle duality and helped 
catapult the quantum mechanical calculations to help interpret light or radiation 
interactions with matter. 
In looking at light particle absorption or emission, one must recognize photons 
possess angular momentum [5].  As a consequence of this representation of particles, 
one must note the use of wave-particle duality of light to characterize experimental 
behavior.  De Broglie postulated that all particles have wave-like properties, such that 
the velocity, v, of a particle with mass m can be represented as a de Broglie wavelength  
λ = 
 
  
 .                                                        (3.4) 
 Ab initio molecular dynamic tools available today utilize the Schrödinger wave 
equation with mathematical interpretation tools in order to predict experimental data.  
Central to quantum mechanics is the wave mechanical view of a particle and 
identification of a wave function,  (     ), of a system.  This wave function is a solution 
of the Schrödinger equation 
 ̂ (     )    (     )                                                         (3.5) 
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Here, the operator, ̂, called the Hamiltonian, is defined as the operator of the total 
energy of the system, i.e., potential and kinetic energy: 
           ̂     
  
  
      (     ),                                    (3.6)   
where the Laplacian, ∇2 , can be defined as  
∇2 = 
  
   
 
  
   
  
  
   
                                              (3.7) 
When the Hamiltonian operates on the wave function (left-hand side of equation 3.5), it 
will generate an energy,  , multiplied by the wave function (right-hand side of equation 
3.5).  This equation is also called the eigenvalue equation.  This energy value is noted 
as an observable or physical property of an atom or molecule that can be measured.  
Again, we are noting here that the wave function is an approximation of particle 
behavior.  The Schrödinger equation helps to describe particle behavior, especially on 
the subatomic level.  The square of the wave function,   , is a probabilistic interpretation 
of a particle like an electron, with the likelihood of that particle being located in a specific 
region of space.  This probabilistic interpretation was first quantified by Max Born [3]. 
To follow, there will be a brief discussion of mathematical theory to help describe 
experimental data in the photochemical field.  These ideas were important in helping to 
evolve the Schrödinger equation to approximate experimental behavior of subatomic 
particles, like electrons, that are important for spectroscopy.  Once Schrödinger equation 
was developed, some changes about the atom‟s environment (or its internal 
components) were elaborated, separating the mathematical representation of the 
electronic and nuclear environment. 
The development of the Born-Oppenheimer approximation allowed for the 
separation of the stationary wave function into nuclear and electronic distribution: 
                                                                     (3.8)   
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The utility of this approximation is the action of separating the total energy of a molecule 
into two terms.        is the potential energy of all electrostatic interactions in the 
molecule plus the electron kinetic energies and       is the kinetic energy due to nuclear 
motions, specifically vibrations and rotations.   The effects of electron excitation in 
molecules cannot be fully appreciated unless one allows for the existence of the nuclear 
wave functions and the different energy levels arising from the motions of the nuclei 
(See FC principle Section 3.4).   
 Utilizing the Born-Oppenheimer approximation, we can now transform the 
Hamiltonian into four important summations 
     
  
 
 ∑
 
  
(
  
   
  
  
   
   
  
   
 )   ∑
   
 
       
    ∑ ∑
  
       
      ∑ ∑
     
 
       
        (3.9) 
This Hamiltonian is for a molecule with fixed nuclear position and makes use of the 
general relationship from electrostatics.  The electrostatic potential energy between two 
particles with charges    and    separated by distance   is given by          ⁄ , where 
   is the permittivity of free space [3].  Specifically,    is used to quantify the charge on 
nucleus   and   is the fundamental charge, where an electron has charge –  .   
 Despite its ominous appearance, this description of the Hamiltonian can be 
separated into four simple parts.  These four parts turn out to be the four energy 
operators and will return a more complete energy description of a particle.  The first 
summation is the total electron kinetic energy operator or a sum of kinetic energy 
operators for each electron.  The second summation interprets the electron-nuclear 
electrostatic interactions.  The term,    , is the electron-nuclear distance where the 
subscripts   and   label the electron and the nucleus, respectively.  The last two double 
summations represent the operators for electron-electron repulsion and nuclear-nuclear 
repulsion, respectively.  The viewpoint of the Hamiltonian as a total energy operator can 
be seen in equation 3.9.  The Hamiltonian will return energy values describing all 
electron-nuclear, electron-electron, and nuclear-nuclear electrostatic interactions in the 
molecule [3]. 
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Utilizing the above mathematical translation of the Schrödinger wave equation, 
we have a better, probabilistic, understanding of electron positions and transitions within 
a molecule.   It is important to note, here, that we have not taken into account any 
vibrational or rotational treatments of the molecule.  These vibrations and rotations occur 
because electronic transitions happen much quicker than the nuclear motion, or referred 
to as the Franck-Condon principle.  In short, this principle is important to allow for the 
mathematical treatment of the wave equation for these motions.  We shall see (in 
Section 3.4) how it helps interpret electronic spectra, both the shape and peak positions 
of photoelectron spectra.   
In maintaining the idea of orbital approximations, we can think of a molecule as 
having its electrons distributed in molecular orbitals.  Looking at the electronic 
environment of the molecule, a molecule will have a set of quantized electronic states.  
Physicists, utilizing the harmonic oscillator, linear combination of atomic orbitals (LCAO), 
and perturbation theory, helped create qualitative pictures of molecular orbitals and 
described spatial extent of electron probability density [5].  Again, these approximations 
were created in order to help scientist explain or interpret experimental behavior.  LCAO 
and group theory brought about the symmetry and orbital considerations for electrons in 
molecules (by providing an approximate picture of the electronic environment in 
molecules and consequently their available energy levels for reactivity) [5].   
As an introduction, one now has the general ideas to help understand how 
molecules absorb photons.  To further understand these interactions, we will look at the 
Franck-Condon principle.  This will be discussed in section 3.4. 
 
3.3 Photoionization Cross Section 
Photoionization can be understood as the ejection of an electron by the 
absorption of electromagnetic radiation [2].  The idea of cross section is related to the 
collision area (cm2) of a particle, in this case a photon, with a molecule.  We can define 
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the photoionization cross section as the effective area (cm2) of a gaseous species that 
will interact with radiation (light) during an ionizing event.  For a simple two particle 
collision, this may be represented by the equation, 
ζ = πd2  where d = 
 
 
(dA + dB) [2].                                  (3.10) 
Here, d is the diameter of the collision with dA and dB being the diameters of the colliding 
particles.  If the incident photon has enough energy (greater than the adiabatic ionization 
energy) the absorption of radiation by a chemical species in a bound state results in the 
photoionizing event, or, simply, the ejection of an outermost (valence) electron into the 
free state of the continuum (outside outermost bound orbital) [4].  We use the term 
„adiabatic‟ in order to describe the energy difference between the ground (or lowest 
energy) vibrational state of a neutral molecule and its cation.  Figure 3.2 offers this 
depiction, illustrating ejection of the electron if the ionization threshold is exceeded in 
absorption of light,   .  The kinetic energy,   , of the electron is related to the absorbed 
energy from the photon by 
   (       
 )                                                  (3.11)                                                  
where    is the ionization threshold energy.  The absorption of a photon can be possible 
for the full range of photon energies above this threshold for ionization,    .  The 
photoionization cross section, at a particular frequency  , is defined as 
      
   
   
 
  
  
                                                  (3.12) 
or 
      
      
       
 |   |
 
                                              (3.13) 
where     is the photon energy past the ionization threshold and    is the statistical 
weight of the initial discrete state.  The verbiage, statistical weight, is used as another 
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way of saying the number of degenerate sublevels at the energy of the initial state [6].  
The matrix element, |   |, contains the continuous wave functions, defined as 
|   |
 
  ∑ ∑ |∫  
  ∑         |
 
   .                                  (3.14)       
 
Figure 3.2. Diagram of the energy levels of an atom [4]. 
It is, however, particularly difficult to calculate photoionzation cross sections for anything 
larger than a two atom molecule.  This arises from the difficulties in solving the electronic 
wave functions, seen in equation 3.14.  The best way to achieve      is to determine it 
experimentally for any given molecule.  While some cross sections have been found 
experiementally, for a more complex reaction systems, like the furans, many potential 
products of the reaction have not had their photoionization cross sections quantified.  In 
an effort to solve this problem, estimations may be obtained to within a 20% error.  In the 
model presented by Bobeldijk [7], a molecule‟s photoionization cross section is found 
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through the summation of the cross sections,     , for the atoms „   ‟ that make up 
the molecule, such that the following expression holds true 
       ∑                                                           (3.15) 
To note, the molecular cross sections are taken at specific energies,     and its parts 
must be summed at that same energy.  Bobeldijk also writes that this approximation 
tends to breakdown as the ionization energy is approached for that molecule [7]. 
 The cross sections become important for our experimentation in determining 
product concentrations and giving branching fractions of a specific product mass and its 
isomers. Absolute or total photoionization cross sections are obtained, experimentally, 
by taking the photoionization spectrum of a target species (at a known concentration) 
together with the photoionization spectrum of a calibration species (with a known 
photoionization cross section at a known concentration).  The ion signal of a species  , 
  , relates to the photoionization cross section,    , the concentration,   , mass 
discrimination factor,   , and an instrument constant,  , by 
                                                                 (3.16)  
In the present experimental set-up, the mass discrimination factor is found to be equal to 
the mass raised to a power of 0.67.  When the     is calculated, then the branching 
fration,   , can be obtained by relating the ion signals of the product   and the reactant 
  at the specific photon energy   as 
     
  
  
⁄   
[
   
      
⁄ ]
[
   
      
⁄ ]
  
         
         
 (
  
  ⁄ )
    
                   (3.17) 
The ion signal, at the specific photon energy  , is chosen at a plateau or constant ion 
signal of the photoionization spectrum.  This is done in order to minimize error due to 
experimental signal fluctuations. 
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3.4 Franck-Condon Principle 
In order to understand the vibrational structure (and its changes) in molecules, 
visualized in electronic spectra, like PIE curves, one must look at the nature of nuclear 
motions during electronic transitions [2].  Molecules absorb photons instantaneously, 
with inertia free electrons displacing the initial flux of energy [5].  As a result, the large 
and heavy nuclei may have no time to readjust during absorption [2].  Changes may 
occur to the nuclei later.  This is the basis for the Franck-Condon (FC) principle.  In other 
words, due to the massive size of the nuclei, an electron‟s transition will take place much 
faster than the changes that occur in the nuclei [8].  During the absorption the molecule 
may reach an excited electronic state that may be structurally different than its ground 
state.  This means the electron density is rapidly shifted into new regions of the 
molecule, and the stationary nuclei will now experience a new force field.  The molecule 
finds itself outside of equilibrium and displaces energy by vibrating.  This will create a 
possible change of the equilibrium internuclear separation between stationary states of 
the nuclei in the initial electronic state and the final electronic state.   
We now introduce a quantum mechanical version of the FC principle.  The 
molecule will undergo a transition (electronic excitation) to the upper vibrational state 
that most resembles the vibrational wave function of the vibrational ground state of the 
lower electronic state [2].   In Figure 3.3, the excitation is symbolized by a vertical arrow 
from the ground state neutral configuration to an excited state.  This line stands for 
vertical transitions, or electronic transitions that occur without changing the nuclear 
geometry of the molecule. The two wave functions, seen in Figure 3.4, show a vertical 
transition (seen as a vertical line) where they have the greatest overlap 
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Figure 3.3. (a) Electronic transitions between similar nuclear equilibrium geometries.  (b) 
Electronic transitions between different nuclear equilibrium geometry.  (c) Absorption 
spectra typical for different nuclear equilibrium geometries [5]. 
 
integral of all the vibrational states (resulting in the most intense band) of the upper 
electronic state.  In Figure 3.4, one can see the excited state is produced by some 
additional vibrational excitation.  Also, its vertical transition intercepts an upper state 
potential curve, one whose position is above the lowest (v‟ = 0) level of the excited state, 
r‟eq.  This signifies the change in nuclear environment (or configuration) after the 
transition has occurred and illustrates the Franck Condon principle [5].    Mathematically, 
if one looks at the transition as an electronic dipole moment vector,  
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Figure 3.4. Franck-Condon principle pictorial illustration [5]. 
 
µ, the electronic spin and nuclear wave functions can be taken out of the transition 
dipole moment integral (according to the Born-Oppenheimer approximation), giving 
                        µnm = < Ψn | µ | Ψm  >                                        (3.18)                                                                         
where n and m subscripts symbolize the initial and final states.  The intensity of the 
transitions is proportional to the absolute value of the square modulus of the electronic 
transition dipole, |   |
  .  This intensity is proportional to the square modulus of the 
overlap integral between the two vibronic states, n and m.  This overlap integral is known 
as the FC factor and measures the match between the vibrational wave functions in the 
upper and lower vibronic states.  While the approximation is easy to make for diatomic 
molecules, a polyatomic molecular situation is rather complex.  One must employ a 
series of tools like symmetry rules, mathematical treatments, the Born-Oppenheimer 
approximation, and Hartree-Fock equations to make electronic transition predictions.  
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These tools are embodied in ab inito computational methods to get a clear prediction of 
transitions [5].  Ab initio methods utilize the laws of quantum mechanics and a small 
number of physical constants (speed of light, masses/charges of electrons and nuclei, 
and Planck‟s constant).  This differs from other approximation methods in that no 
experimental parameters are used.  A basis sets refer to mathematical representations 
of atomic orbitals within a molecule [9].  These techniques will be discussed further in 
the following section. 
 
3.5 Electronic Structure Calculations 
A brief explanation of the computational methods used in approximations of PIE 
curves and thermodynamic properties of selected molecules follows. As previously 
mentioned this research employed computational software to optimize molecular 
parameters, such as bond lengths and harmonic vibrational frequencies, in order to 
predict photoionization spectra or PIE curves.   
In order to introduce the computational methods used, we must first look at the 
level of theory and basis sets for which the computational software are based in.  These 
methods will compute solutions to the Schrödinger equation by using a series of 
mathematical approximations and basis sets.  Ab initio calculations were performed in 
the Gaussian 09 suite of software [10].  The molecular geometries of radical, reactant, 
and potential products were optimized using the composite method CBS-QB3 [11].  
CBS-QB3 or complete basis set method (QB3 model) is the composite method (ab initio 
plus density functional) developed to overcome the largest error in electronic structure 
thermochemical calculations resulting from basis set truncation.  
Bond distances and harmonic vibrational frequencies were optimized at the 
Becke three-parameter exchange functional with the Lee, Yang, and Parr correlation 
functional (B3LYP) level of theory and all electron 6-311+G* basis set [12].  Density 
functional methods (DFT) are based upon a strategy of electron correlation modeling via 
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general functionals of the electron density.  The word functional refers to a function 
whose definition is, itself, a function (function of a function).  After optimizations, neutral 
and cationic molecular parameters are used in the Franck-Condon simulations to 
recreate theoretical PIE curves utilizing the PESCAL program, including full Duschinsky 
rotation  [13, 14].  The Duschinsky rotation takes into account the extra motion of 
rotation seen in the vibrational mode displacement that occurs in a vertical transition 
according to the Franck-Condon (FC) principle.  Here, an extra matrix may be needed 
(in treatment of solutions to the wave function) to account for the extra rotation of the 
molecule in addition to the vibrations that occur after the transition.  Ervin and associates 
[14] took into account these normal coordinate vectors and geometries in creating a 
program to simulate the FC profiles of larger polyatomic molecules in order to generate a 
simulated photoelectron spectrum.  The PESCAL [14] program takes the Gaussian 09 
output files and applies a Fortran program (FCFGAUS).  FCFGAUS matches the normal 
coordinate vectors with the greatest overlap between neutral and cation states of the 
molecule in question,  and calculate the Franck-Condon factors, which are subsequently 
employed in the spectral simulations obtained from PESCAL.   
 
3.6 Photoionization Efficiency Curves 
Experimentally, a photoionization spectrum may be used to help probe our 
understanding of oxidation reactions in the gas phase. Photoionization efficiency curves 
(PIE) are simply the integration of a photoelectron spectrum at a specific mass.   
Employing the one-dimensional plot of ion signal as a function of synchrotron energy 
(photoionization energy of target molecule), one may see the isomeric composition at a 
specific m/z.  An example is presented in figure 3.5 (the photoionization spectrum taken 
from 8 to 11 eV).  The individual Franck-Condon factors for isomers at mass 100 create 
distinct shapes and onset in the photoionization spectrum of that experimental mass.  
These plots have been used heavily in probing our low temperature oxidation reactions 
for the identification of potential product species. 
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Researchers may use the photon energy of the Advanced Light Source 
(synchrotron)  to scan a reaction and acquire a series of time-resolved mass spectra at 
each photoionization energy [15].  The photoionization spectra become important 
diagnostically because different structural isomers exhibit unique ionization thresholds 
(adiabatic ionization energy, AIE), shapes (molded by the FC overlaps in vertical 
transitions), and absolute intensities (based on electronic transition dipole moment) [16].  
Probing the experimental PIE curves may shed light on previously undetermined gas 
phase mechanics.  Our research group uses this photochemical method based on 
photoionization curves for identification of combustion products [17].   
 
 
Figure 3.5. Experimetal PIE curve of m/z 100 for the reaction of 2-Me-THF with Cl 
radical at room temperature.   
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Chapter 4: Study of 2-methyltetrahydrofuran in low temperature oxidation 
performed at the Advanced Light Source with analysis by an oa-TOF-MS  
Abstract: 
 2-Methyltetrahydrofuran (2-MTHF) has been chosen to investigate its low 
temperature oxidation in hopes of shedding light on cyclic furan combustion reactivity.  
This current fuel additive and potential jet fuel component may be sourced from 
regenerative lignocellulosic biomass.  The experiments were performed at the Advanced 
Light Source (ALS) of Lawrence Berkeley National Laboratory using a multiplexed time-
resolved mass spectrometer.  The photoionization source for the apparatus is the 
continuously tunable synchrotron UV radiation from the ALS.  2-MTHF oxidation 
products are probed and a reaction schematic is discussed. 
4.1 Introduction 
 Rising oil-sand prices has increased a general interest on how to improve fuel 
combustion transportation systems.  Climate disasters like the BP Gulf of Mexico spill of 
2010 have, also, raised awareness surrounding the environmental impact of sourcing 
and burning fossil fuels.  Steps are in place to help optimize our current spark ignition 
(gasoline) and direct inject compression ignition (diesel) engine systems with a goal to 
replace the fossil fuels that power them with fuels that are regenerative, create a net 
carbon zero footprint, and produce fewer sooting (particulate emission) byproducts [1-3].   
 Ethanol and methyltertbutyl ether (MTBE) are just two compounds that are used 
as additives (fuel oxygenates) to blend with petroleum fuels to help increase octane 
levels, reduce petroleum consumption, and reduce greenhouse gas emissions [4].  The 
furan moiety has been used in a range of fuel applications as an oxygenate and in a 
mixture of jet fuel [5].  2-Methyltetrahydrofuran (2-MTHF) is one such compound.  It 
boasts a high energy content with an octane number of 87, sustainable manufacture 
from biomass sugars, and immiscibility in water.  In addition, 2-MTHF (20 weight % 
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oxygen content) can increase the oxygen content of gasoline. It was marked as a 
potential regenerative fuel (P Series) by the U.S. Department of Energy [6]. 
  
Figure 4.1. Diagram depicting available pathways to attaining industrial chemicals used 
in industry.  To highlight, methyltetrahydrofuran may be obtained from the C5 or C6 
sugar dehydration to form furfural or levulinic acid, respectively [6].    
The pathway from biomass to potential industrial chemicals has been described 
by the National Science Foundation [2], and seen in Figure 4.1 (where cellulosic 
biomass, i.e., biomass not being used as a food source, is used to harvest C5 and C6 
sugars).  This diagram offers a regenerative, and, hopefully, carbon neutral (carbon 
released from the harvesting and burning of the fuel is offset by the sequestering of CO2 
by the growing of the biomass crops) pathway to achieve many chemical compounds.  
2-Methyltetrahydrofuran is attainable through levulinic acid and furfural compounds 
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derived from treatment of C6 and C5 sugars, respectively.  The chemical structure and 
pathways of these possible reactions are shown in Figure 4.2.   
C5 sugars
(xylose)
hydrogenation
H2O
Levulinic Acid
C6 sugars
(Glucose, Fructose)
H2O
H2
hydrogenation
1,4 Pentanediol
Angelica Lactone
dehydration
dehydration
dehydration
2-methyltetrahydrofuran
H2 H2O
Furfural
hydrogenation
Furfuryl alcohol
hydrogenation
Tetrahydrofurfuryl alcohol
or
2-methylfuran
H2
H2
H2O H2O
H2O
H2O
H2O H2OH2 H2
Figure 4.2.  Chemical pathways for 2-methyltetrahydrofuran from C5 and C6 sugars 
harvested from cellulosic biomass.  Diagram adapted from Huber et. al., 2006 [6].  
 There are only a few scientific publications on the viability (combustion properties 
of 2-MTHF in internal combustion systems or shock tubes) and reactivity of 2-
methyltetrahydrofuran.  It was evident, in the late 1990‟s, the potential of the 
tetrahydrofuran moiety, as a molecule generated from biomass, in transportation fuel 
additives.  This encouraged Wallington et al. [7] to conduct a study of 2-MTHF, looking 
at the environmental impact of its evaporation into the atmosphere.  They probed the 
kinetics of the reaction of OH with 2-MTHF using flash photolysis and relative rate 
techniques, finding it more reactive (by about 40%) than tetrahydrofuran (THF, its 
unmethylated counterpart).  On the other hand, there are a wide range of studies on 
THF, including work done by Kasper et al. [8] studying a premixed THF, O2, and argon 
flame using a VUV-photoionization molecular beam mass spectrometer.  In their work 
researchers looked at the reaction species distribution with special emphasis placed on 
the first reaction steps of fuel destruction.  Recently, Jansen et al. [9] looked at the 
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application of biofuel blends in order to reduce greenhouse gases.  They found that a 
blend of 2-MTHF and di-n-butylether in combination with a homogenous low-
temperature combustion process produced nearly „soot-free‟ diesel combustion.  
Recently, Simmie [10] performed ab initio calculations determining enthalpies and bond 
dissociation energies (BDE) for THF, 2-MTHF, and 2,5-dimethyltetrahydrofuran 
(DMTHF).  In addition to looking at reaction barrier heights, Simmie [10] studied the OH 
abstraction of these compounds, finding that the resulting radicals proceeded to 
competing ring-opening and H-elimination (to form dihydrofurans) reactions.  In addition, 
Simmie reported the BDE of these cyclic ethers (Figure 4.3 for 2-MTHF), important for 
characterizing and substantiating reaction pathways.  
 
Figure 4.3.  Bond dissociation energies (BDE) presented in kJ/mol of 2-MTHF.  The 
results were found using ab inito calculations performed by Simmie [10].   
In our work, the low-temperature oxidation of 2-methyltetrahydrofuran was 
explored at 298 and 550 K.  The reaction was initiated with a chlorine radical and the 
products were ionized between 8 and 11.2 eV by the continuous vacuum ultra-violet 
(VUV) radiation obtained from the Advanced Light Source (ALS). 
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4.2 Experimental Section 
The experiments were performed at the Advanced Light Source at Lawrence 
Berkeley National Laboratory in Berkeley, California.  The experimental setup is located 
at the Chemical Dynamics Beamline and is described in greater detail elsewhere [11, 
12].  A schematic diagram for the experimental apparatus is presented in Figure 2.1.  In 
short, the reactions occur along a slow-flow quartz reactor tube covered by a thick 
nichrome tape to control the temperature.  The reactant species, in this case 2-
methyltetrahydrofuran (reported 98% purity from Sigma Aldrich), is flowed into the 
reactor tube from a prepared canister (dissolved gases are removed via the freeze-
pump-thaw method in a glass bubbler and a gas mixture is made with helium).  Chlorine 
atoms are obtained by photolyzing a 1% chlorine gas mixture with a krypton-fluorine 
excimer laser (λ = 351 nm) at a repetition rate of 4 Hz.  For the reaction at 298 K, the 
concentration (or number density) of 2MTHF (pre-photolysis) was calculated to be 
         molecules/cm3 while the concentration of chlorine radical (post-photolysis) was 
found to be          molecules/cm3.   In the reaction at 550 K, the concentration of 
2MTHF (pre-photolysis) was calculated to be          molecules/cm3 while the 
concentration of chlorine radical (post-photolysis) was found to be          
molecules/cm3.  A small concentration of O2 was also flown into the reaction mixture with 
helium used as an excess carrier gas.  Individual concentrations of reactants are 
metered by calibrated mass flow controllers (for each reactant) and a closed-loop 
feedback throttle valve controls the pressure inside the tube. The reaction mixture flows 
down the aforementioned 60 cm quartz reactor tube and a sampling effuses from the 
side of the tube at approximately 30 cm from the start of the tube.  The 650 µm 
(diameter) pinhole is positioned in front of a skimmer before entering into a differentially 
pumped reaction chamber, where VUV radiation ionizes various reaction species.  
These ions are then accelerated, focused, and mass selected by an orthogonal 
acceleration time-of-flight (oa-TOF) mass spectrometer and detected using a time 
sensitive micro-channel plate (MCP) detector.  
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A time and photon energy resolved spectrum is recorded for these ions, creating 
a data-block with dimensions in mass-to-charge ratio (m/z), reaction time (ms), and 
photon energy (eV).  Photoionization spectra are obtained by scanning the VUV 
radiation in a photon energy region (in this case 8-11.2 eV) stepwise at 0.025 eV 
intervals.  In both reactions (at 298 and 550 K), oxygen is present in excess (by 
approximately 10 times) over 2-methytetrahydrofuran.  The kinetic time trace (obtained 
from the 1-dimensional integration of the time-resolved mass spectrum) is used to 
differentiate between primary and secondary reaction pathways.  Photoionization 
efficiency curves (obtained from the 1-dimensional integration of the energy-resolved 
mass spectrum) are employed to characterize potential products.   
Chlorine atoms are used to initiate the oxidation reaction.  This is important in 
investigating the alkyl (2-methyltetrahydrofuranyl; C5H9O; m/z = 85) radical reactions 
with O2 in order to probe the alkoxyalkylperoxy chemistry that dominates low 
temperature combustion, also labeled in transportation fuels as autoignition chemistry (< 
900 K) [3, 13].  Chlorine can abstract hydrogen atoms or add to the reactant: 
Cl* + RHx   R*HX-1 + HCl (primary)                                     (4.1) 
  R*Hx-1 + O2  products (primary)                                      (4.2)                                          
Cl* + R*Hx-1   RClHx (primary)                                      (4.3) 
Chlorine atoms may act in the oxidation of organic species in the upper troposphere [14].  
Chlorine atoms are also used as a selective source of radical species (H-abstraction) in 
oxidation studies in order to probe the formation and degradation of the peroxy ROO* 
and hydroperoxy QOOH species [3, 15].   In this study, chlorine addition products are 
not explored due to their irrelevance to combustion chemistry.  In these experiments 
photolysis creates a uniform chlorine atom profile in both the axial and radial positions of 
the quartz reactor tube [15].  The chlorine radical will abstract a hydrogen from 2-
methyltetrahydrofuran to form an α- (4.4), β1- (4.5), β2- (4.6), γ- (4.7), or δ- (4.8) 2-
methytetrahydrofuranyl radical: 
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C5H10O + Cl  (CH3)-cyclo-C
*CH2CH2CH2O + HCl                                (4.4) 
  (C*H2)-cyclo-CHCH2CH2CH2O + HCl                             (4.5) 
  (CH3)-cyclo-CHC
*HCH2CH2O + HCl                              (4.6) 
  (CH3)-cyclo-CHCH2C
*HCH2O + HCl                              (4.7) 
  (CH3)-cyclo-CHCH2CH2C
*HO + HCl                              (4.8) 
  The 2-methyltetrahydrofuranyl radical can then react with O2 to form several 
possible products: 
                               C5H9O + O2  Products                                             (4.9) 
At low temperatures (< 900 K) and moderate pressure, the reaction of alkyl radicals with 
O2 proceeds mainly, but not exclusively, by association to form the alkylperoxyradical (R-
OO*) [3].  Also, with increasing temperature, unimolecular decomposition of the initial 
radical,  
C5H9O   Products                                             (4.10) 
will begin to dominate over the peroxy radical (R-O2) pathway [16]. 
 
4.3 Molecular Modeling  
 The ab initio calculations performed in this thesis were carried out using the 
GAUSSIAN09 suite of software [17].  The geometries of the products were optimized in the 
initial step of the composite method CBS-QB3 [12, 18].  This method is employed to 
provide reliable energetics, with accuracies from a reference set of molecules to be 
within 5 kJ mol-1 [18].  Structural parameters, including bond lengths and angles, 
harmonic vibrational frequencies, and force constants, are optimized using the Becke 
three-parameter exchange functional with the Lee, Yang, and Parr correlation functional 
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(B3LYP) method and all-electron 6-311+G** basis set.  The adiabatic ionization energies 
are calculated from the ground state vibronic energies of the neutral and cation.  
GAUSSIAN09 was also employed to simulate photoionization spectra using normal-mode 
frequencies and force constants to calculate Franck-Condon (FC) factors, predicting 
overall shape and onset.  Reaction species are identified with the help of these ab initio 
methods, based on the agreement with adiabatic ionization energies and the shape of 
the FC simulations, when absolute photoionization efficiency curves are not known 
experimentally for those compounds.  
4.4 Results  
 The mass spectra of the 2-MTHF + Cl + O2 reactions at two temperatures, 298 
and 550 K, are shown in Figure 4.4.  The emphasis for analysis is placed on positive 
peaks in the spectra.  Negative peaks are caused by reactant species depletion and 
their dissociative ionization fragments. 
An array of masses appears after the photolysis laser fired.  The multitude of 
masses in the mass spectra is indicative of the presence of multiple product channels.  
The majority of the most intense product signals (m/z = 28, 30, 42, 44, 58, 60, 68, 72, 
82, and 84 for 298 K and m/z = 28, 30, 42, 44, 54, 58, 60, 68, 72, 82, and 84 for 550 K) 
occur below 2-methyltetrahydrofuran (m/z = 86) at both temperatures.  There are also a 
few intense product signals above the reactant mass (m/z = 98 and 100 for both 298 and 
550 K).  The distribution of product signals suggest that bond fission pathways are 
dominant in the initial chemistry for the oxidation of 2-methyltetrahydrofuran under these 
conditions. 
As stated previously, the data is recorded as a function of three parameters 
energy (eV), m/z, and time.  Since a three dimensional analysis of the data is 
impractical, energy and time-resolved mass spectra were obtained by a two dimensional 
analysis of the data along those parameters.  To monitor the individual mass behavior 
(with either a photoionization efficiency curve or a kinetic time trace) a one-dimensional 
analysis was made at a specific m/z.  
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(a)
 
(b)
 
Figure 4.4. Mass spectrum of 2-MTHF + Cl + O2 reaction at 298 (a) and 550 (b) K.   
 
The negative amplitudes seen in the mass spectra in Figure 4.4 are 
representative of the consumption of the reactant species, 2-MTHF (m/z = 86; C5H10O), 
and its daughter fragments (m/z = 70; C4H6O, and m/z = 71; C4H7O
+) resulting from 
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dissociative ionization of the reactant.  Figure 4.5 presents the absolute photoionization 
cross section for the reactant, 2-methyltetrahydrofuran.   
Figure 4.5. Absolute photoionization cross section recorded in November 2011 of 2-
methyltetrahydrofuran.   
 
This cross section was recorded without the photolysis laser in our experimental 
apparatus in order to record the photoionization profile of 2-MTHF and any resulting 
dissociative fragments that may appear.  The cross section is presented with units of 
megabarns (Mb or 10-18 cm2).  Experimentally, the photoionization cross sections are 
obtained by recording the photoionization spectrum of a target species (with a known 
concentration) together with the photoionization spectrum of a calibration species (with 
known photoionization cross section and concentration).    
 The dissociative fragments (m/z = 70 and 71) of 2-MTHF represent loss of 
methane (CH4) and a methyl group (*CH3), respectively.  Formation of reaction species 
(daughter ions) at m/z = 70 and 71 suggest the facile C-CH3 scission upon dissociative 
ionization of 2MTHF (Figure 4.5).  In defense of this argument, Simmie [10] reports the 
lowest BDE of 2MTHF as the C-CH3 bond (Figure 4.3).  The experimental adiabatic 
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ionization energy of 9.20 eV for 2-MTHF is in good agreement with the literature value 
recorded by Yang et al. (9.22 eV) [19].  The absolute photoionization efficiency curve of 
2-methyltetrahydrofuran exhibits a gradual rise from its threshold ionization.  This rise 
dissipates into a plateau after 9.70 eV where it continues until the end of the ionization 
region at 11.0 eV.  The appearance of both „daughter‟ dissociative fragments starts at 
9.55 eV.  The larger mass fragment (C4H7O
*; m/z = 71) exhibits a gradual rise from its 
threshold ionization energy until 10.65 eV.  After this energy, the daughter fragment‟s 
relative ion signal displays a sharp inflection until the end of the ionization region.  The 
same is not true for the smaller mass fragment (C4H6O; m/z = 70), which exhibits an 
initial sharp inflection followed by a plateau in signal (after 9.85 eV) until the end of the 
ionization region at 11.0 eV. 
Formation of major mass peaks 
 The most intense product peaks for the reaction at 298 K appear at mz = 28, 30, 
42, 44, 58, 60, 68, 72, 82, 84, and 100.  Based on their m/z, overall matches with 
literature or simulated photoionization spectra, and comparison with PIE plots of pure 
compounds, the following chemical formula assignments were deduced: m/z = 28: C2H4; 
m/z = 30: CH2O; m/z = 42: C3H6; m/z = 44: C2H4O; m/z = 58: C3H6O and C2H2O2; m/z = 
60: C2H4O2; m/z = 68: C4H4O; m/z = 72: C4H8O; m/z = 82: C5H6O; m/z = 84: C5H8O and 
C4H4O2; and m/z = 100: C5H8O2.  It is important to be aware that the signal of some 
masses overlap with the dissociative fragments of higher masses.                          
 The most intense product peaks for the reaction at 550 K appear at m/z = 28, 30, 
42, 44, 54, 58, 60, 68, 72, 82, 84, and 100.  Based on their m/z, overall matches with 
literature or simulated photoionization spectra, and comparison with PIE plots of pure 
compounds, the following chemical formula assignments were deduced: m/z = 28: C2H4; 
m/z = 30: CH2O; m/z = 42: C3H6 or C2H2O; m/z = 44: C2H4O; m/z = 54:  
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(a)  
(b)  
Figure 4.6(a) and (b).  Kinetic time profiles of the major product species at 298 K.  The 
profiles arise from the 1-dimensional integration of the time-resolved mass spectrum. 
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C4H6; m/z = 58: C3H6O or C2H2O2; m/z = 60: C2H4O2; m/z = 68: C4H4O; m/z = 72: C4H8O; 
m/z = 82: C5H6O; m/z = 84: C5H8O; m/z = 100: C5H8O2. 
Kinetic time profiles for the reaction at 298 K 
 The kinetic time profiles of the major products can be seen against the steep 
signal of 2-MTHF (m/z = 86), which has been multiplied by -1 to convert the depletion 
trace (due to consumption) into a “formation” trace.  Figures 4.6 and 4.7 represent the 
kinetic time profiles of the major product species at the two reaction temperatures.  
Detailed inspection of the time traces reveals important differences.  Analyzing the 
reaction at 298 K, products at m/z = 58, 72, 82, 84, and 100 show a steep rise in 
formation similar to the consumption of our reactant.  Products at m/z = 28, 30, 42, 44, 
and 60 display a slower initial rise in formation.  The product at m/z equal to 84 shows a 
distinctively different kinetic profile than any of the other product species.  After a fast 
formation the product shows a slow depletion. 
Kinetic time profiles for the reaction at 550 K  
 The product distribution at the higher temperature, 550 K, mirrors the lower 
temperature profiles with a few exemptions.  Products displaying a steep rise in 
formation similar to the reactant‟s consumption may be seen at m/z = 42, 44, 58, 82, and 
84.  The kinetic profiles of products with m/z = 28, 30, 54, 60, 68, and 100 show a slower 
initial rise.  Again, the m/z = 84 product displays a kinetic-time profile unlike most others.  
This behavior is very similar to the kinetic time profile for m/z = 72. 
Under the reaction conditions, assigning primary products based on kinetic time 
profiles solely is tentative at best.  It is important to come up with a feasible reaction 
schematic, which can account for as many products as possible [15].  There will be a 
detailed discussion for the products below.   
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(a)
(b)  
Figure 4.7(a) and (b).  Kinetic time profiles of the major product species at 550 K.  The 
profiles arise from the 1-dimensional integration of the time-resolved mass spectrum. 
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Branching Fractions and Identification of product isomers at specific masses 
Absolute or total photoionization cross sections have been used in this study to help 
determine product concentrations and specific branching or distribution ratios for product 
masses.  The relative ion signal of a species  ,   , relates to the photoionization cross 
section,     (at a specific energy  ), the concentration,   , mass discrimination factor, 
  , and an instrument constant,  , by 
                                                                 (4.11)  
In the current experiments, the mass discrimination factor is found to be equal to the 
mass raised to a power of 0.67.  After calculating the    , the branching fraction,   , 
may be calculated by relating the ion signals of product   and the reactant   at the 
specific photon energy   as 
     
  
  
⁄   
[
   
      
⁄ ]
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⁄ ]
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                   (4.12) 
Table 4.1 represented below lists the available branching fraction data as a 
percentage of total reactant (2-methyltetrahydrofuran) consumption.  An analysis of 
these fractions with identified product masses will follow.  Important to note, the 
concentration of reactant relative to the radical was 1:6 and 1:5 in the reactions at 298 
and 550 K, respectively.  An excess of chlorine radical, specifically, may affect the 
branching fractions.  Fast secondary reactions of chlorine may reduce primary product 
concentrations thereby making the computation of BFs untrustworthy.  This is likely the 
reason behind the overall low percentages represented in Table 4.1.  However, BFs 
were included in order to provide a qualitative picture of the reaction pathways, citing 
major product formation clues for our reactant species and reactivity for cyclic ethers.   
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Table 4.1.  Calculated branching fractions (BF) of products that were both identified and 
had available absolute cross section values. 
RXN AT 298 K     
Name of products identified with XS m/z  Branching Fration (% consumption of 
2MTHF) 
ethene 
28.03 2% 
formaldehyde 
30.01 3% 
propene 
42.05 1% 
cyclopropane 
42.05 3% 
acetaldehyde 
44.03 2% 
acetone 
58.04 1% 
allyl alcohol 
58.04 6% 
acetic acid 
60.02 5% 
tetrahydrofuran 
72.06 9% 
2-methyl-furan 82.04 
3% 
4,5-dihydro-2-methylfuran 
84.06 
2% 
RXN AT 550 K 
   
ethene 
28.03 4% 
formaldehyde 
30.01 8% 
cyclopropane 
42.05 3% 
ketene 
42.01 1% 
ethenol 
44.03 1% 
acetaldehyde 
44.03 6% 
1,3-butadiene 
54.05 1% 
1-butyne 
54.05 1% 
acetone 
58.04 3% 
allyl alcohol 
58.04 9% 
acetic acid 
60.02 2% 
Furan 
68.03 2% 
tetrahydrofuran 72.06 6% 
2-methyl-furan 82.04 
12% 
4,5-dihydro-2-methylfuran 84.06 3% 
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R-OO mechanisms for product distribution 
This work will focus on analyzing product species (by using available calibrated 
absolute photoionization efficiency curves or Franck-Condon spectral simulations of 
potentially present isomers) of the low temperature oxidation of 2-methyltetrahydrofuran 
based on the mechanism developed from equations 4.4 - 4.8.  The experimental data is 
presented in a similar fashion to the isopentanol oxidation reaction study published by 
Welz et al. [15].  Welz presented the oxidation of isopentanol as a function of the 
formation of the alkylperoxy radical (ROO) and its subsequent intramolecular 
interactions or decomposition.  They, also, considered the unimolecular decomposition 
of the isopentanoyl radical.   
 Experimentally derived photoionization spectra are presented in Figures 4.8 – 
4.11 and include the major peaks related to primary product formation (m/z = 28, 30, 42, 
44, 58, 60, 68, 72, 82, 84, and 100 for reaction at 298 K and m/z = 28, 30, 42, 44, 54, 
58, 60, 68, 72, 82, 84, and 100 for reaction at 550 K).  To follow, an analysis will be 
given for the major peaks and product formation including isomer contributions at 
specific m/z. 
 For m/z = 28 and 30 (seen in Figure 4.8 and 4.10), only single product formation 
account for the photoionization spectra.  At both reactions (at 298 and 550 K), ethene 
(m/z = 28) and formaldehyde (m/z = 30) products are formed.  Looking at the 
prospective branching fractions presented in Table 4.1, one can see that both masses 
account for a higher percentage of reactant consumption.   At 550 K, formaldehyde has 
a calculated BF of 8%.  Ethene‟s absolute photoionization spectrum was taken from 
literature and matched the initial onset (at 10.51 eV) and overall shape of the 
experimental PIE curve [20].  Formaldehyde‟s absolute photoionization spectrum also 
matched the experimental onset (10.75 eV) and overall shape of the efficiency curve. 
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Figure 4.8.  Photoionization efficiency curves for the major products of the reaction at 
298 K.  From top to bottom, left to right, m/z = 28, 30, 42, 44, 58, and 60. 
 
Experimental photoionization spectra for m/z = 42 varies between the reaction at 
298 K and 550 K.  Both spectra have an ionization onset at 9.5 eV but the 
photoionization efficiency curve at 298 K had a different overall shape from 9.5 to 10.5 
eV.  For the reaction at 298 K, the absolute photoionization curve taken from Person  
and Nicole matched the rise of the experimental curve up to about 10.25 eV [21].  For 
the reaction at 550 K, the experimental curve displays a sharper rise than at the lower 
temperature.  This is a result of the product formation of ketene, whose absolute 
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photoionization efficiency curve was recorded by Yang et al. [19].  This absolute 
photoionization efficiency curve is in good agreement with the overall shape and rise of 
the experimental curve from 9.5 to 10.25 eV.  For both temperatures, 298 and 550 K, the 
experimental curve was matched up to about 10.75 eV with the absolute photoionization 
efficiency curve for cyclopropane.   
The overall shape and onset of the experimental photoionization spectra for m/z 
= 44 are similar for both reaction temperatures.  The spectra exhibit a slow rise starting 
at 9.5 eV.  This rise and overall shape is characteristic of the photoionization efficiency 
curve of ethenol.  The absolute photoionization cross section is in good agreement with 
the literature one [22].   The slow rise continues until 10.2 eV where the experimental 
curve spikes upwards.  The remainder (from 10.2 to 11 eV) of the experimental 
spectrum is not matched by available photoionization spectra.  The photoionization cross 
section of acetaldehyde was recorded by Cool et al. [22] and was used to calculate the 
branching fractions.  Calculations of the branching fractions for acetaldehyde are higher, 
at 2 and 6% for 298 and 550 K, respectively, relative to the other calculated branching 
ratios for prospective products.  
The product isomers at m/z = 54 appear at the onset of 9.0 eV in the 
photoionization spectrum of the reaction at 550 K (Figure 4.10).  The relative ion signal 
exhibits a slow rise from 9 – 10.2 eV.  This portion of the spectrum matches well with the 
absolute photoionization spectrum for 1,3-butadiene taken from literature [19].  The 
spectrum exhibits an increase in signal after 10.2 eV.  This can be attributed to the 
production of 1-butyne.  The absolute photoionization spectrum of 1-butyne matches 
well with the experimental data.  1-Butyne absolute photoionization spectrum was 
recorded by Yang et al. [19].  The remainder of the experimental photoionization plot 
may be assigned to the 37-isotopologue of hypochlorous acid at m/z = 52.  The 
chlorinated product exhibits an ionization onset at 10.9 eV with a sharp rise to 11.2 eV. 
  The photoionization spectrum at m/z = 58 exhibits three identifiable isomers.  
The first isomer appears with an ionization onset at 9.6 eV.  This onset and the ensuing 
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shape of the photoionization plot matches well with the absolute photoionization 
efficiency curve of acetone.  Acetone‟s absolute PIE plot was previously recorded by our 
experimental apparatus at the ALS.  The relative ion signal continues to rise after 9.5 eV.  
After about 9.75 eV the signal deviates from the absolute efficiency curve of acetone, the 
experimental photoionization can be seen in Figure 4.10.  The experimental signal 
continues to rise.  This is analogous to the rise of allyl alcohol‟s absolute photoionization 
curve taken from literature [19].  The efficiency curves were summed (acetone + allyl 
alcohol) to fit the experimental data.  Allyl alcohol has an ionization energy of 9.67 eV 
(as recorded by Yang et al. [19]) and its PIE plot shows a gradual rise until 10.3 eV 
where it plateaus.  This deviates from the experimental m/z = 58 photoionization curve.  
The literature photoelectron spectra of glyoxal (C2H2O2) resembles, when integrated, the 
remainder of the experimental spectrum.  Seen in Figure 4.8 and 4.10, the summation of 
the three isomers at this m/z, acetone, allyl alcohol, and glyoxal reasonably fits the 
experimental photoionization curve at both temperatures. 
 Both temperatures for the reaction exhibit the same product at m/z = 60.  Acetic 
acid has an ionization energy of 10.58 eV with slight rise in ion signal before followed by 
a sharp rise in signal after [23].  This photoionization profile matches well the 
experimental photoionization efficiency curve for the products of both reactions at this 
m/z ratio.   
The product at m/z = 68 for the reaction at 298 K varies from the mass product 
peak at 550 K.  The experimental photoionization efficiency curve for both temperatures 
exhibits a signal rise at 8.88 eV.  This onset matches well with the literature absolute 
photoionization efficiency curve for furan recorded by Yang et al. [19].  The absolute 
photoionization efficiency curve exhibits a signal rise at the 8.88 eV with a steady slope 
until about 10 eV.  At 298 K, the experimental photoionization curve exhibits the same 
ionization energy onset with a 
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Figure 4.9.  Photoionization efficiency curves for the major products of the reaction at 
298 K.  From top to bottom, left to right, m/z = 68, 72, 82, 84, and 100. 
 
short rise.  The signal, however, begins to deplete around 9.6 eV.  This is due to a 
competing depletion channel.  The furan molecule, likely, enters into a secondary 
reaction at room temperature induced by excess chlorine atoms.  A deeper discussion 
will follow below. 
The m/z = 72 product exhibits similar spectra at temperatures, 298 and 550 K.  
The experimental photoionization curve matches the ionization onset and smooth rise up 
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to 10.2 eV of tetrahydrofuran‟s absolute PIE plot.  The absolute photoionization 
spectrum for tetrahydrofuran (THF) recorded by Wang et al. [24] exhibits an ionization 
onset energy at 9.4 eV and rises smoothly until it reaches a plateau at 10.2 eV.  It is at 
10.2 eV that the recorded experimental photoionization plot deviates from the pure 
tetrahydrofuran curve.  It is postulated that the remainder of the signal is a chlorinated 
dissociative fragment from a larger mass.  This is corroborated by the presence of a 
product mass peak at m/z = 74.  The relative ion signal at m/z = 74 matches the 24% 
isotopic abundance of 37Cl [25] and overall shape of the photoionization efficiency curve 
from 10.2 to 11.2 eV.   
The reactions at 298 and 550 K produce the same product at m/z = 82.  The 
absolute PIE plot of 2-methylfuran recorded by Xie et al. [26] matches the ionization 
energy of 8.38 eV and the overall shape of the experimental curve.  Similarities occur for 
the m/z = 84 product for the reactions at 298 and 550 K.  The experimental PIE plot 
exhibits an onset ionization energy of 8.05 eV.  This is in good agreement with the 
absolute photoionization spectrum of 4,5-dihydro-2-methylfuran that was previously 
recorded by our research group (unpublished data) at the ALS.  The absolute PIE plot 
shows a slight rise from the onset energy until a gradual plateau begins at 10 eV, at 
which point the experimental signal (at 298 and 550 K) deviates from this absolute PIE 
plot.  The experimental data has a second onset and slight rise around 9.75 eV, which 
matches the simulated photoionization spectra of 4-pentenal.  At photoenergies higher 
than 10.7 eV, the signal keeps rising.  This continued rise might be a sign of a larger 
parent molecule that has a „daughter‟ dissociative fragment at this m/z. 
The reactions at 298 and 550 K show similar products at m/z = 100.  Starting with 
the reaction at 550 K, the relative ion signal shows an ionization onset at 8.9 eV.  No 
literature based absolute photoionization spectra were available for the masses above 
the reactant m/z = 86 that we were able to assign.  We were not able to synthesize or 
request from a third party chemical distributor any of the assigned product masses larger 
than m/z = 86.  Therefore, ab initio calculations were used to
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Figure 4.10.  Photoionization efficiency curves for the major products of the reaction at 
550 K.  From top to bottom, left to right, m/z = 28, 30, 42, 44, 54, and 58. 
determine adiabatic ionization energies and to simulate the Franck-Condon factors for 
the products.  The details of these methods were described in previous chapters.  The 
simulation for tetrahydrofuran-2,4-oxolane (THF-2,4-oxolane), shown in Figure 4.11, 
matches the gradual rise (with a calculated AIE of 8.99 eV) and shape of the relative ion 
signal for the experimental m/z = 100 PIE curve until about 9.5 eV.  A sharp inflection 
then occurs around 9.5 eV until 9.6 eV.  This steep rise in the ion signal matches the 
shape of the simulated PIE curve for tetrahydrofuran-2,5-oxetane (THF-2,5-oxetane), 
with a calculated adiabatic ionization energy of 9.01 eV. The simulated plot of THF-2,5-
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oxetane shows a very slow rise until about 9.4 eV where it  inflects sharply upward.  
After 9.5 eV, the experimental photoionization spectrum shows only a gradual rise.  This 
portion of the PIE plot was assigned to penta-4-onal.  Its PIE curve was simulated with 
an adiabatic ionization energy calculated to be 9.61 eV.  The simulated plot shows a 
continuously gradual rise from the ionization energy up to 11.2 eV, yielding a good fit to 
the experimental spectrum.  The resulting simulated curve (Figure 4.11), obtained by 
summing all the simulated plots, is in good agreement with the experimental data.  At 
298 K, the photoionization spectrum exhibits similar features.  The experimental 
ionization onset is higher than the data at 550 K.  This first onset matches well with the 
adiabatic ionization energy of THF-2,5-oxetane.  Between 9.5 and 11.2 eV, the 
experimental PIE curve exhibits a more gradual rise, matched by the simulated penta-4-
onal.   
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Figure 4.11.  Photoionization efficiency curves for the major products of the reaction at 
550 K.  From top to bottom, left to right, m/z = 60, 68, 72, 82, 84, and 100. 
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Reaction Pathways 
 
Figure 4.12. Three dimensional representation of the reactant, 2-methytetrahydrofuran 
(C5H10O; m/z = 86) with carbon labels, α-, β1-, β2-, γ-, and δ- where a Cl atom may 
abstract a hydrogen and O2 will bind yielding a peroxy radical. 
 
Reactions of five 2-methyltetrahydrofuranyl radicals with O2 and the unimolecular 
decomposition are shown in Figures 4.13 – 4.18.  In these reaction pathways, 
experimentally identified products are labeled with their chemical names and unidentified 
products are labeled with their m/z and a Roman numeral.   For both temperatures, 
branching frations calculations account for between 37-62% of consumption of 2-
methyltetrahydrofuran.  Again, chlorinated products are not discussed and may account 
for the rest of the consumption of the reactant species.  As a note for the percent 
consumption of 2MTHF in both reactions, all of the calculated branching fractions are 
small.  The possibility of secondary reactions involving some of the primary products 
was confirmed, e.g., presence of both acetyl chloride (m/z = 78; CH3COCl) and vinyl 
chloride (m/z = 62; C2H3Cl) was verified.  A species that is formed from primary 
chemistry may be involved in a very fast secondary reaction, resulting in a lower relative 
ion signal that is used in the BF calculations.  This lower relative ion signal will greatly 
underestimate the BF.  Furthermore, the presence of chlorinated products above the m/z 
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= 86 (mass of the reactant) confirms that some reactant will be used up in these chlorine 
addition reactions.  Therefore, all the branching fractions shown here are just qualitative.  
 
 
 
Figure 4.13.  Reaction pathways of α-RO2 used for this work.  The names of detected 
products are given.  Products that were not observed are labeled with their m/z ratio and 
a Roman numeral to differentiate isomers. 
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Figure 4.14.  Reaction pathways of β1-RO2 used for this work.  The names of detected 
products are given.  Products that were not observed are labeled with their m/z ratio and 
a Roman numeral to differentiate isomers. 
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Figure 4.15.  Reaction pathways of β2-RO2 used for this work.  The names of detected 
products are given.  Products that were not observed are labeled with their m/z ratio and 
a Roman numeral to differentiate isomers. 
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Figure 4.16.  Reaction pathways of δ-RO2 used for this work.  The names of detected 
products are given.  Products that were not observed are labeled with their m/z ratio and 
a Roman numeral to differentiate isomers. 
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Figure 4.17.  Reaction pathways of γ-RO2 used for this work.  The names of detected 
products are given.  Products that were not observed are labeled with their m/z ratio and 
a Roman numeral to differentiate isomers. 
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Figure 4.18.  Unimolecular decomposition of the radical species generated from 
hydrogen abstraction of the reactant, 2-methytetrahydrofuran.   The names of detected 
products are given.  Products that were not observed are labeled with their m/z ratio and 
a Roman numeral to differentiate isomers. 
  
4.5 Discussion 
 Understanding the chemical kinetics of the initial steps in the low temperature 
oxidation of 2-methyltetrahydrofuran is beyond the scope of this thesis.  Instead, the 
reaction products are identified and a mechanism is proposed based on product 
characterization.  The main goal is to increase understanding for autoignition (< 900  K) 
combustion chemistry based on studies of alkanes, alkenes, alcohols, and ethers [3, 11, 
15, 27-29]. 
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 The 2-methyltetrahydrofuranyl radicals (represented in equations 4.4-4.8) will 
react with O2 to form their alkoxyalkylperoxy (cycloether-RO2) radicals [3].  In 
autoignition chemistry studies, it is this radical species (commonly labeled ROO*) that is 
important for chain branching, chain termination, formation of cyclic ethers, or reverting 
back to the alkyl radical with the production of O2 [3].  Each of these steps will be 
considered as well as the unimolecular decomposition of the radical species themselves. 
 In peroxy chemistry the production of OH and/or HO2 represents either 
chain propagation (chain branching) or chain termination, respectively [15].  The 
formation pathway of either OH or HO2 is highlighted in the mechanisms illustrated in 
Figures 4.13 – 4.18.  It is important to note, the experimental identification of the 
alkylhydroperoxy radicals (commonly labeled QOOH) has thwarted researchers since 
Semenov first proposed this reaction intermediate [3, 30].  Researchers [28, 31] have 
found that other than methyl peroxy, alkylperoxy radicals do not have a stable cation and 
will dissociatively ionize into their alkyl radicals and O2 upon photoionization.  The 
QOOH radicals (an isomerization product of the peroxy radical with internal hydrogen 
transfer) will participate in carbon-carbon fission, carbon-oxygen fission, and cyclic ether 
formation [32].  Each peroxy radical species, arising from the 2-methytetrahydrofuranyl 
radicals, are labeled with Greek letters (seen in Figure 4.12).  The 
alkoxyalkylhydroperoxy radicals (QOOH) will have a subscript for Q to denote the 
location of the alkyl radical after oxygen H-abstraction from the peroxy radical. 
 A discussion of major products will ensue.  The analysis will be conducted by 
relating experimental products to the mechanisms developed from the 2-
methyltetrahydrofuranyl radicals.   
The formation of the alkoxyalkylperoxy radicals in the low temperature oxidation 
of 2-methyltetrahydrofuran may form, after internal H-abstraction, a number of 
oxygenated compounds above the m/z ratio of our reactant (C5H10O; m/z = 86).  Of main 
interest is m/z = 100, which results from the loss of 2 hydrogens (m/z 86 – 2 + 16) plus 
the addition of an oxygen atom.  In the reaction at 298 K, the photoionization spectrum 
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for the m/z = 100 can be matched to two compounds, tetrahydrofuran-2,5-oxetane (THF-
2,5-oxetane) and penta-4-onal (isomers of C5H8O2) (Figure 4.9).  The formation of THF-
2,5-oxetane stems from the formation of the alkoxyalkylperoxy radicals, β1- and δ-ROO.  
Ogura et. al. [32] reports in ether oxidation studies that the intramolecular H-abstraction 
by an alkoxyperoxy radical will tend towards the lowest threshold energy (H-abstraction) 
of the adjacent carbon to the ethereal oxygen (R-O-R‟).  In the formation of the β1-
alkoxyalkylperoxy radical, intramolecular H-abstraction may proceed via a seven 
membered transition state ring creating a radical at the secondary γ-carbon of 2MTHF.  
Secondary carbons have a lower threshold activation energy for intramolecular H-
abstraction isomerization (with tertiary carbons being the lowest) and are energetically 
favored for intramolecular H-abstraction site for formation of the  β1-
alkoxyalkylhydroperoxy (QOOH) radicals [32].  The formation of the cyclic ether 
(oxetane) follows through the nucleophyllic attack of the alkoxyalkylhydroxyperoxy 
radical to the δ-alkyl radical site (where the intramolecular abstraction occurred).  THF-
2,5-oxetane formation may also occur from the δ-alkoxyalkylperoxy radical.  The 
intramolecular H-abstraction isomerization for the δ-ROO radical occurs through the 
methyl carbon and its hydrogens.  Formation of the product THF-2,5-oxetane, in this 
mechanism, occurs by nucleophillic attack by the δ-ROO radical to the methyl α-carbon 
alkyl radical (Figure 4.15).  At 298 K, another m/z = 100 isomer, penta-4-onal, is 
observed.  Its simulated photoionization efficiency curve matches well with the 
experimental data.  Pent-4-onal might form from the OH elimination of α- and δ-ROO 
radical.  In both circumstances, H-abstraction occurs at either a secondary or tertiary 
carbon adjacent the ethereal oxygen (R-O-R‟).  Formation of the terminal aldehyde and 
ketone is preceded by intramolecular H-abstraction isomerization from either the α- or δ-
carbon (Figure 4.13), respectively (depending on the alternate location of the peroxy 
radical).  At 550 K, the reaction has a similar photoionization profile.  This time, however, 
the ionization onset for the experimental PIE occurs at a lower energy, 9.0 eV (Figure 
4.11), which is matched by the calculated AIE of 8.99 eV and the overall shape of the 
simulated photoionization spectrum of tetrahydrofuran-2,4-oxolane (THF-2,4-oxolane).  
The formation of this second bicyclic ether (THF-2,4-oxolane) follows the formation β1-2-
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methyltetrahydrofuranyl radical ((C*H2)-cyclo-CHCH2CH2CH2O) + O2    β1-
alkoxyalkylperoxy radical   β1-QδOOH (Figure 4.14).  The intramolecular H-abstraction 
occurs at the δ-carbon followed by the nucleophillic attack at the δ-carbon.  Formation of 
the β1-ROO   β1-QδOOH alkoxyalkylhydroperoxy radical must proceed through a 6 
membered transition state [3].  Formation of the cyclic ether is signified with OH 
elimination from the β1-QδOOH. Another possible route for formation of this product may 
be seen in the analogous (but reversed) pathway of γ-ROO formation.  This time the 
formation of the peroxy radical occurs at the γ-carbon with the intramolecular H-
abstraction occurring at the β1-carbon. 
Formation of the alkoxyalkylperoxy radical in 2-methyltetrahydrofuran oxidation 
and subsequent bicyclic ether formation is in direct competition with olefin formation [33].  
The product, 4,5-dihydro-2-methylfuran (C5H8O; m/z = 84) is an example of the 
formation of the olefin and elimination of HO2.  From the unimolecular decomposition 
(Figure 4.18), formation of 4,5-dihydro-2-methylfuran arises from the radicals at either 
the α-carbon or the β2-carbon of 2MTHF.  From a bond energy point of view, the tertiary 
α-carbon has the least bond energy and would be the likely pathway for formation of this 
cyclic olefin [33].  This also may be seen in the formation of this product from the 
alkoxyalkylperoxy radical where O2 addition occurs at the tertiary α-carbon.  The 
formation of 4,5-dihydro-2-methylfuran follows the oxidation path α-ROO   α-Qβ2OOH 
with internal hydrogen abstraction occurring at the β2-carbon.  The β2-alkyl radical then 
isomerizes to form the olefin upon direct HO2 elimination.  It must also be noted that 
formation of the α-ROO may produce the 4,5-dihydro-2-methylfuran product upon direct 
HO2 elimination and formation of the olefin.   
2-Methylfuran (C5H6O; m/z = 82) appears as a product in the reactions at 298 
and 550 K.  Conceivable pathways arise from formation of the α-, β2-, δ-, and γ- 2-
methyltetrahydrofuranyl radical after H-abstraction by Cl.  The molecule is formed 
through hydrogen loss from any of the carbons within the cyclic ether ring.  The methyl 
substituted furan represents a five-membered aromatic ring and likely a chain 
termination step with the elimination of HO2 from its reciprocal QOOH intermediate.  The 
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increased thermodynamic stability (based on the formation of C=C bonds and the five 
membered aromatic ring) of this compound coupled with its formation route via 
numerous QOOH pathways gives reason to describe this molecule as a major product 
[15].  Indeed, according to calculations made on its branching fraction, at 298 K this 
product represents approximately 3% and, at 550 K, 12 % of 2-methyltetrahydrofuran 
consumption.  The formation of 2-methylfuran at 550 K represents the highest branching 
fraction (of available cross sections for the identified products) and a signal of the 
competition between pathways R-COO   cyclic ethers + HO or olefins + HO2.  It is 
difficult to suggest, however, based solely on the larger branching fractions, that as 
temperatures increase, olefin formation (2-methylfuran) is favored over the alternate 
bicyclic ether formation through the facile H-elimination at the tertiary α-carbon.  
Previous studies [15, 34] found difficulties in identifying experimental reaction species 
responsible for cyclic ether formation.  This lack of formation, however, may be 
substantiated by bicyclic ethers (oxetane and oxelane) having unstable cations (found in 
the ab initio calculations carried out in this project with poor Franck-Condon overlap 
integrals) that favor ring opening upon photoionization.  Further investigation is needed. 
  Formation of alcohols and acids in ether oxidation may proceed through a 
pathway discovered by Anderson et al. [32, 35, 36]  The only conceivable route to 
formation of acetic acid (C2H4O2; m/z = 60) proceeds via δ-ROO   δ-QαOOH and 
intramolecular H-transfer between the O-H and the ethereal O.  The alkyl radical site at 
the α-carbon receives the barrier-less addition of a second O2 creating a double peroxy 
radical [(CH3)-cyclo-Cα-OO
*-CH2CH2-HCδOO*-OH] [3].  We note that the double peroxy 
species has not been experimentally confirmed.  Rather, it has been postulated by 
researchers in order to justify decomposition products of ethereal oxidation [3, 32, 35].  
The decomposition of the δ-RO2 leads to the elimination of OH, ketene (m/z = 42: 
C2H2O), CO, and acetic acid (Figure 4.16).  The same intramolecular H-transfer from the 
alkoxyhydroperoxy radical leads to the formation of allyl alcohol (m/z = 58; C3H6O).  
Again, we see H-abstraction occurring at the α-carbon to form the α-ROO    α-QδOOH 
alkoxyalkyhydroperoxy radical.  The alkoxyalkyhydroperoxy radical experiences 
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intramolecular H-transfer from the QOOH to the ethereal O, which then decomposes to 
form HO, ketene, and allyl alcohol.  The last alcohol seen in the product distribution is 
ethenol (m/z = 44; C2H4O).  Its formation may be seen in the reaction at 550 K with the 
H-abstraction at the δ-carbon of 2-methyltetrahydrofuran and subsequent O2 addition 
forming the δ-ROO radical.  The δ-ROO radical experiences an intramolecular H-transfer 
producing δ-Qβ1OOH.  According to Anderson et. al. [36], the δ-QαOOH may transfer its 
peroxy hydrogen to the ethereal O, which decomposes to form ethenol,  C3H4O (56-I), 
and OH. 
Furan formation (m/z = 68; C4H4O) was not linked to any of the alkoxyperoxy 
radical formation.  Plausible pathways of formation proceed through the H-abstraction of 
the δ-carbon of 2-MTHF.  O2 addition may occur at the δ-carbon radical site leading to 
intramolecular H-abstraction and formation of the δ-QγOOH radical.  Subsequent HO2 
elimination yields the 4,5-dihydro-2-methylfuran (C5H8O; m/z = 84).  In order for the 
formation of furan to occur, H-abstraction at the β1-carbon must also occur.  Upon O2 
addition, the decomposition of the 4,5-dihydro-2-methylfuranyl peroxy radical will yield 
formaldehyde and the furan molecule.  The slow formation seen in its kinetic time profile 
(Figure 4.6) seems to substantiate this claim.  However, we also note that furan is likely 
involved in secondary chemistry (Figure 4.10) as seen in a depleting experimental PIE 
spectrum.  In this light, it is difficult to trust the calculation of its BF due to lower ion 
signal used in its calculation.  Further investigation is needed in order to understand the 
formation of this aromatic cyclic ether. 
Formation of 1,3-butadiene (m/z = 54: C4H6) appears only in the reaction at 550 
K.  Its formation may conceivably follow a number of 2-methyltetrahydrofuranyl radical 
pathways.  The diolefin formation may be tracked through the β1-, β2-, and δ-
alkoxyalkylperoxy radical arising from O2 addition to the conjugate (carbon radical site of 
H-abstraction by Cl) alkyl radical.  The pathways to formation of this olefin are 
determined by the tertiary carbon.  In order for the alkene to form (from a primary 
reaction) the hydrogen on the tertiary carbon must not be abstracted.  The alkyl radical 
sites, formed after intramolecular H-abstraction of the alkoxyalkylperoxy radical, will be 
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at the β1- or β2-carbon on 2-methyltetrahydrofuran.  This is the case for formation of 1,3-
butadiene in the β1- and β2-2-methytetrahydrofuranyl radical pathways (Figure 4.14 and 
4.15) where the peroxy radical is at one of the β1 or β2-carbons and the intramolecular H-
abstraction occurs at the opposite β1 or β2-carbon.  The elimination of HO2 follows the 
decomposition of the alkoxyalkylperoxy radical into 1,3-butadiene and CO (28-I) or 
formaldehyde for the β1- or β2-ROO pathway, respectively.  In the δ-2-
methyltetrahydrofuranyl radical pathway, formation of the diolefin derives again from O2 
addition and intramolecular H-abstraction from either the β1- or β2-carbon.  The formation 
of 1,3-butadiene and CO (28-I) is accompanied by  the elimination of HO2. 
It is difficult to assign the formation of ketene (m/z = 42: C2H2O) to a specific 
pathway.  Its formation is seen only in the reaction at higher temperature, 550 K.  In 
each of the 2-methyltetrahydrofuranyl radical pathways, formation of ketene has been 
sourced from either HO2 or OH elimination.  Ketene‟s saturated counterpart, 
acetaldehyde (m/z = 44: C2H4O), however, may be conceivably attained through: β2-
ROO  β2-QOOH  OH + acetaldehyde + C3H4O (56-I).  The formation of acetaldehyde 
is due to β-C-C scission after the formation of the β2-QOOH radical.  The formation of 
the terminal aldehyde increases with rising temperature with a doubling of its branching 
fraction between reaction temperatures.  At this m/z, the reactions at 298 and 550 K 
exhibit formation of cyclopropane (C3H6).  Conceivable pathways of formation of this 
molecule proceed via: β1-ROO   cyclopropane + glyoxal (m/z = 58; C2H2O2) + HO or β1-
ROO  β1-QαOOH    cyclopropane + ketene (m/z = 42; C2H2O) + HO2.  The increase in 
temperature does not seem to affect the concentration of cyclopropane product 
formation.  Populating the reaction at 298 K, propene (C3H6) is possibly formed via either 
δ- or γ-ROO formation of the 2-methytetrahydrofuranyl radical.  Both pathways result in 
ring opening through β-C-C scission between the β2- and δ-carbons (Figure 4.13 and 
4.14).    
Formaldehyde‟s (m/z = 30: CH2O) branching fraction increases from 3 to 8 % 
between temperatures in the oxidation reactions of 2-methyltetrahydofuran.  This is one 
sign of the increase in thermal decomposition products as the temperature increases, 
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and the increase in chain propagating steps that lead to smaller oxygenated products. 
The conceivable formation pathways of formaldehyde may be seen in the formation of α-
, β1-, and β2-ROO alkoxyalkylperoxy radicals.  In the α-ROO schematic (Figure 4.13), 
formaldehyde arises from decomposition of the alkoxyperoxy radical through β-C-C and 
β-C-O scission.  Formaldehyde formation in β1-, and β2-ROO schematics proceeds 
through the formation of the Qα,β1,β2OOH radicals as well as decomposition of the 
alkoxyperoxy radical itself.  Ethene (C2H4; m/z = 28) is formed as a product in the 
reactions at 298 and 550 K by HO2 and HO elimination.  Ethene may be produced from 
the β1, β2, and γ-alkoxyalkylperoxy radical.  For the β1-ROO, the product formation 
follows the formation of the alkoxyalkylperoxy radical (upon O2 addition) after hydrogen 
abstraction by Cl at the methyl carbon (Figure 4.14).  Ethene is formed after ring opening 
initiated by internal H-abstracting from the β-carbon adjacent to the peroxy addition.  
Ring opening occurs due to the tertiary carbon radical forming a double bond in order to 
stabilize its free electron.  The release of the δ-carbon from the cycloether oxygen allows 
for formation of ethene (with the δ- and γ-carbons).  The resulting alkoxyhydroxyperoxy 
radical (illustrated as ) may reduce to either the cyclic ether (labeled 56-II) 
plus HO2 or formaldehyde (CH2O; m/z = 30), ketene (C2H2O; m/z = 40), plus OH. 
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4.6 Conclusion 
 Hydrogen abstraction by photolytically prepared Cl radicals leads to formation of 
alkoxyperoxy radicals upon addition of O2. 
 The H-abstraction radicals of 2-methyltetrahydrofuran may experience 
unimolecular decomposition, in direct competition with O2 addition.  While studies 
[3, 15] suggest the competition tends to unimolecular decomposition with the 
increase in temperature, it was difficult to identify primary products whose 
formation was linked, solely, to unimolecular decompostition. 
 The formation of cyclic ethers + OH may be seen in the products of both 
reactions at m/z = 100 where the reactant, 2-methyltetrahdyrofuran (m/z = 86; 
C5H10O), experiences a loss of 2 hydrogens and addition of O2.  The addition of 
O2 is followed by OH elimination and the formation of the cyclic ether (m/z = 86 – 
2 + 16 = 100; C5H8O2). 
 β-C-C and β-C-O scission of the cyclic ether reactant, 2-methyltetrahydrofuran 
(m/z = 86; C5H10O), may be seen in the formation of a number of products with 
m/z   86, e.g., ethene and formaldehyde.  It is difficult to assign a direct pathway 
from the specific formation of a 2-methytetrahydrofuranyl radical by H-
abstraction.  The main pathways may be theorized according to Ogura et al. [32] 
by looking at the threshold activation energies of H-abstraction from secondary 
and tertiary carbons.  The tertiary α-carbon (Figure 4.12) has the lowest 
threshold energy followed by the secondary δ-carbon.  This argument is, also, 
defended by the ab initio study of 2-MTHF made by Simmie [10], citing the lowest 
C-H BDE at the α-carbon followed by the δ-carbon (Figure 4.3). 
 A novel intramolecular H-transfer pathway may be experienced by two QOOH 
species [3, 35, 36].  The formation of both the δ-QαOOH and the α-QδOOH 
alkoxyalkyhydroperoxy radical yields the products acetic acid and ethenol that 
can be described as forming using this intramolecular H-transfer to the cyclic 
ethereal oxygen. 
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 Much work is needed on identifying the pathways of formation of products like 
tetrahydrofuran, furan, 1-butyne, and acetone.  The difficulty with assigning 
pathways for these products is due to the addition of hydrogen to one or more 
carbons.  Formation of THF, 1-butyne, and acetone would involve 1,2-H shifts for 
which a mechanism was not found.  Furan product formation is marred by 
secondary chemistry and an elaborate pathway to formation that may involve a 
double alkoxyperoxy radical.  Formation of this aromatic cyclic ether may be 
more important than its BF suggests, but the experimental data did not reveal 
more details.  Synthesis of a deuterated 2-MTHF to be used in an oxidation study 
may reveal the fate of deuterium loss.  With a deuterated 2-MTHF (at β2- and γ-
carbons), formation of DO2 (m/z = 34) and a deuterated furan (C4H3DO; m/z = 
69) product may defend formation of the double alkoxy peroxy radical precursor.   
 All reactions considered or proposed are thermodynamically feasible based on 
CBS-QB3 energetics. 
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Chapter 5: A study of the low temperature oxidation of 2,5-dimethylfuran by 
orthogonal time-of-flight mass spectrometry 
 
Abstract: 
Waning natural resources and rising energy demand has placed increased pressure on 
renewable energy sources. 2,5-Dimethylfuran (DMF) can be derived from biomass 
resources already in place and may help fuel advanced combustion systems. This 
chapter concentrates on radical (Cl and OH) initiated oxidation of DMF at room 
temperature, 600, and 700 K. Our experiments were performed at the Advanced Light 
Source of Lawrence Berkeley National Laboratory using a multiplexed time-resolved 
mass spectrometer coupled with continuously tunable synchrotron UV radiation for 
photoionization. DMF oxidation products are characterized and a reaction schematic is 
discussed. 
 
5.1 Introduction 
Looking for a fuel source independent of foreign countries the United States have 
placed increased focus on renewable transportation fuels sourced outside of petroleum 
and other depleting natural resources [1].  One such option is fuel obtained from the 
processing of lignocellulosic biomass, e.g., wood and paper waste, and non-food crops, 
to produce sugars [2].  These cellulosic sugars offer a building block for a wide range of 
industrial chemicals including fuel oxygenates and potential new fuels.  The growth of 
non-food crops also offers a carbon sink for the burning and emissions of pollutants to 
the environment (for combustion transportation systems) and therefore lignocellulosic 
derived transportation fuels can be thought of as carbon neutral [3]. 
 The US Department of Energy and other leading energy pioneers have been 
looking at the furan system as an important chemical derivative of the C5 and C6 sugars 
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harvested from lignocellulosic biomass [4, 5].  The conversion of lignocellulosic biomass 
may be done thermochemically or biologically (with the use of enzymes or bacteria).  
Some thermochemical conversion techniques include syn-gas production by gasification, 
bio-oil production by pyrolysis or liquefaction, and hydrolysis of biomass to produce 
sugar monomer units [1].  A thorough review of the conversion of biomass into biofuels 
is beyond the scope of this research, but  for details on these processes one may review 
a number of biofuel production papers including a 2008 report by the Department of 
Energy and the National Science Foundation [1, 6, 7]. 
 
Figure 5.1. 2,5-Dimethylfuran (DMF) molecule (C6H8O; m/z = 96.06).  The carbons are 
labeled with Greek letters in order to denote their position away from the ethereal 
oxygen.  β1 and β2-carbons are the sites available for H-abstraction.  This representation 
displays the symmetry of DMF about the vertical line. 
 
 2,5-Dimethylfuran (C6H8O; m/z = 96) , or DMF (Figure 5.1) represents a fuel 
oxygenate and, potentially, a substitute for petrol-derived fuels [8].  It may be generated 
from lignocellulosic biomass, and a recent paper by Román-Leshkov et al. [2] in Nature 
reports high yield conversion of cellulosic materials into hydroxymethylfurfural (HMF).   
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Figure 5.2. A schematic diagram taken from Binder et al. 2009 [4].  This illustration 
depicts the pathways (reaction parameters) and relative yields of the conversion of 
biomass (in this case untreated corn stover) into 5-hydroxymethylfurfural (HMF).  HMF 
functions as a biological platform for industrial chemicals including fuels and fuel 
additives.  One promising compound is 2,5-dimethylfuran (DMF). 
HMF can be used as a platform chemical for bio-based chemical production of 
fuels, including DMF, and other compounds important for industrial use [4].  Figure 5.2 
illustrates several different reactions for the conversion of biomass (for this diagram 
untreated corn stover) into HMF.  DMF offers a furan-based moiety competitive to 
ethanol, the largest production biofuel today, with a greater energy density (by 40% at 
31.5 MJ/l), a higher boiling point (92 °C), and immiscibility with water [4].  DMF also has 
better anti-knock qualities than gasoline (and similar to ethanol) with a research octane 
number of 106 [9].  This has the benefit of allowing DMF to be used with higher 
compression ratios for novel engine systems like the homogenous charge compression 
ignition engines.    
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Recently, a thermal decomposition study of DMF was published using ab initio 
techniques to justify mechanistic pathways.  Simmie et al. [10] theorized the initial steps 
of thermal decomposition included formation of α- and β-carbene complexes via a 3,2-H 
and 2,3-methyl shift.  The formation of these carbenes is followed by demethylation 
yielding unsaturated species like propyne and ketene, two products formed in our 
reactions. The oxidation of DMF in a low-pressure premixed laminar flame was studied 
by Wu et al. [11],  using VUV-synchrotron radiation and a photoionization and molecular-
beam mass spectrometer.  In this article Wu et al. found multiple pyrolysis pathways by 
studying the intermediates identified at various m/z in their photoionization spectra.  
These reaction species were used to corroborate their decomposition pathways of DMF, 
2-methylfuran, and furan.  The latter two molecules were theorized to form from either 
1,3-H shifts or H-addition. 
 With the advent of novel low-temperature combustion systems it is increasingly 
important to understand the low-temperature oxidation of hydrocarbons and, specifically, 
the effects on fuels in autoignition [12].  This chapter will present the low-temperature 
oxidation of 2,5-dimethylfuran at 600 and 700 K with OH and Cl radicals, with a brief 
qualitative look at the reaction with OH at room temperature (298 K).  An absolute 
photoionization efficiency curve for DMF was recorded with our experimental apparatus 
and the results will be shown.  The work will take a qualitative look at the oxidation of 
2,5-dimethyfuran at the different temperatures and the selectivity and product 
distributions that changes based on the radical precursor.  Some reaction schemes will 
also be presented.   
5.2 Experimental Section 
 All experiments presented in this work were performed at the Advanced Light 
Source (ALS) of the Lawrence Berkeley National Laboratory located in Berkeley, 
California.  The experimental apparatus is located at the Chemical Dynamics Beamline, 
Beamline 9.0.3.2 within the ALS.  The apparatus is discussed with greater detail 
elsewhere [13, 14].  Briefly, the reaction occurs along a 60 cm slow-flow quartz reactor 
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tube.  2,5-Dimethylfuran, obtained at 98% purity from Sigma-Aldrich, was prepared by 
removing dissolved gasses with the freeze-pump-thaw method in a glass bubbler and 
bubbling it with helium gas in a canister to carry its vapor into the lines towards the 
reaction cell.  The reactant, DMF, is flowed into the reactor tube with a photolytic 
precursor, either Cl2 or H2O2, and O2.  The radicals are prepared by photolyzing either 
Cl2 gas (98% purity Sigma-Aldrich) using a 351 nm excimer laser at a repetition rate of 4 
Hz or hydrogen peroxide, H2O2, (from CO(NH2)2 · H2O2, 97% purity Sigma-Aldrich) with 
a xenon-fluorine excimer laser ( λ = 248 nm) at a repetition rate of 4 Hertz.   
The reactant concentrations are controlled by individual calibrated mass flow 
controllers along with a closed-loop feedback throttle valve controlling the pressure 
inside the tube.  Reaction temperatures are regulated by a thick nichrome heating tape 
covering the reactor tube.  The reaction mixture flows down the reactor tube where the 
reaction species will effuse at approximately 30 cm from the start of the tube.  A 650 µm 
(diameter) pinhole, positioned in front of a skimmer, is where the reaction mixture enters 
the differentially pumped reaction chamber.  In the ionization chamber, vacuum ultra-
violet radiation ionizes the reaction species.  These ions are, then, focused, accelerated, 
and mass-selected by an orthogonal acceleration time-of-flight mass spectrometer and 
detected using a time sensitive micro-channel plate (MCP) detector.  Figure 2.1 presents 
a schematic diagram of the apparatus.  For the reaction at 298 K, the concentration (or 
number density) of DMF was calculated to be          molecules/cm3 while the 
concentration of OH radical (post-photolysis) was found to be 3        molecules/cm3.   
In the reaction at 600 K, the concentration of DMF was calculated to be 8        
molecules/cm3 while the concentration of OH radical (post-photolysis) was found to be 
1        molecules/cm3.  Finally, for the reaction at 700 K the concentration of DMF was 
calculated to be 9        molecules/cm3 while the concentration of Cl radical (post-
photolysis) was found to be 1       .  While excess OH radical is common to combustion 
chemistry, an excess of Cl radicals has been found, in our experimentation studies, to 
produce unreliable branching fraction calculations.  This is due largely to fast secondary 
reactions that deplete primary products and thus skew calculations.  No branching 
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fractions were reported for the reaction involving Cl radicals due to its qualitative nature 
in this study. 
 The data collected is a time and photon energy resolved spectrum.  The data is 
recorded as a “data block” with three coordinates, a mass-to-charge ratio (m/z), reaction 
time (ms), and photon energy (eV).  The spectrum is created by scanning the VUV 
radiation along a photon energy region (e.g., 7.8 – 11 eV) stepwise at 0.025 eV intervals.  
In all three reactions, oxygen is present in excess (by 10 times) over the reactant, 2,5-
dimethylfuran.  The dynamic imaging potential of this experimental apparatus is used for 
probing the peroxy chemistry that dominates the autoignition chemistry (< 900 K) for 
transportation fuels [12, 15]. 
 The chlorine radicals are used to initiate oxidation reactions of the reactant with 
O2.  Possible reactions, for chlorine chemistry are 
Cl* + RHx   R*HX-1 + HCl (primary)                                     (5.1) 
 Cl* + R*Hx-1   RClHx (primary)                                            (5.2) 
The chlorine addition products, equation 5.2, are not explored as it is not related to 
combustion chemistry. 
 Among other radical species, OH is responsible for creating alkyl radicals of 
hydrocarbons in pyrolysis, oxidation, and combustion [16].  This fast (kinetically 
speaking) and exothermic step can be described as, 
OH* + RHx   RHX-1 + H2O                                                   (5.3)                                  
Due to DMF‟s symmetry, H-abstraction occurs at either the β1 or β2-carbon (cf. Figure 
5.1).  This abstraction forms the β1- (Equation 5.4) or β2- (Equation 5.5) 2,5-
dimethylfuranyl (C6H7O) radicals: 
C6H8O + OH/Cl  (C*H2)-cyclo-CCHCHCO-(CH3) + HCl / H2O                      (5.4) 
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  (CH3)-cyclo-CC*CHCO-(CH3) + HCl / H2O                        (5.5) 
The 2,5-dimethylfuranyl radicals react then with O2 to form several products: 
C6H7O + O2  Products                                               (5.6)                                              
Peroxy radical formation (commonly denoted R-OO*), at low temperatures and moderate 
pressures, proceeds mainly by association [12]. This, however, is overcome by 
unimolecular dissociation [17] as the temperature rises.  Peroxy chemistry, or the 
addition of O2 to an alkyl or alkenyl radical, leads to internal, isomerization and 
degenerative chain branching [18].  Intramolecular H-abstraction of the peroxy radical 
produces the hydroperoxy radical (QOOH).  Formation of  alkyl peroxy radical cations 
has only been confirmed for the methyl peroxy.  Studies show [19, 20] that larger alkyl 
peroxy radicals have unstable cations and these reaction species will fragment into their 
alkyl cations and O2 upon photoionization.  This ephemeral radical species (QOOH) has 
evaded experimental identification since first being proposed by famed physical chemist, 
Semenov [12, 21].  It is suggested these steps, involving the peroxy and hydroperoxy 
reaction species, are important in understanding engine knock in combustion systems 
[16, 18].  
 In order to differentiate between primary and secondary reaction pathways, a 
kinetic time trace is obtained by a 1-dimensional integration of the time-resolved mass 
spectrum.  This work will concentrate mainly on primary reactions.  Of equal importance, 
photoionization efficiency curves or photoionization spectra are obtained for product 
mass-to-charge ratios (m/z) by taking a 1-dimensional integration of the energy-resolved 
mass spectrum.  These photoionization efficiency curves illustrate onsets of ionization 
and spectral features for individual isomers at a given m/z. 
5.3 Molecular Modeling 
 In this paper, ab initio calculations were performed for molecules where 
experimental data was not known.  They were carried out utilizing the GAUSSIAN 2009 
suite of software and the CBS-QB3 composite method, which provides reliable 
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energetics with accuracies from a reference set of molecules to be within 5 kJ mol-1 [22, 
23].  In order to optimize a molecule‟s structural parameters, i.e., its bond lengths and 
angles, harmonic vibrational frequencies, and force constants, GAUSSIAN was used to 
employ the Becke three-parameter exchange functional with the Lee, Yang, and Parr 
correlation functional (B3LYP) method and all-electron 6-311+G** basis set [19, 22].  
Using the CBS-QB3 composite method, adiabatic ionization energies were determined 
by taking the difference of the calculated zero-point energy corrected total electronic 
energies of the cationic and neutral states.  The simulation of photoionization spectra 
was performed utilizing the GAUSSIAN software, which uses the normal-mode 
frequencies and force constants to calculate Franck-Condon (FC) factors, predicting 
overall shape and ionization onset [22, 24].  While these spectral simulations are 
photoelectron spectra, the IGOR Pro data analysis software developed by WaveMetrics 
Inc. is needed to integrate the spectra to create the simulated photoionization efficiency 
curves that can be superimposed onto the collected experimental data.  When absolute 
photoionization efficiency curves are not known experimentally, these ab initio methods 
help to identify the reaction species, partly on the agreement with the adiabatic ionization 
energies and the matching of the overall spectral shape of the FC simulations with 
experimental data. 
5.4 Results  
 Time and energy-resolved spectra obtained from our oa-TOF-MS experimental 
apparatus allow exploration of the low temperature oxidation of unsaturated ethers.  
Figure 5.3 displays the time-resolved mass spectra of the reaction of 2,5-dimethylfuran 
with Cl and OH radicals.  Emphasis is made on product formation, represented by 
colored vertical lines starting at t = 0 ms in the mass spectrums (Figure 5.3).  Negative 
peaks are defined as reactant depletion and may also include dissociative ionization 
fragments of the reactant species.  These depletion peaks were not included in the time 
or energy-resolved spectra. 
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 The appearance of multiple masses after the experiment starts (first pulse of the 
photolysis laser is at t = 0 ms) is indicative of multiple product formation channels.  The 
product formation channels will be discussed later.  Most of the product peaks appear at 
lower mass than the reactant and represent either unimolecular decomposition or 
degenerative chain branching of the reactant species.  These peaks for the OH radical 
reactions appear at m/z = 15, 30, 40, 42, 50, 52, 66, 68, 80, and 94.  The only product 
peak assigned to primary chemistry heavier than the reactant is m/z = 112.  
Qualitatively, the Cl radical reaction with DMF is presented in order to understand the 
major product channels leading to ring opening and degenerative chain-branching.  A 
deeper discussion will follow.  The reaction at 700 K only had 1 intense product peak 
(that was attributed to Cl-addition) at m/z = 94.  For the OH reactions, the distribution of 
product peaks suggests that bond fission pathways dominate the initial chemistry of 
DMF oxidation (under present conditions).  For the Cl reactions, only C-H fission can be 
seen without ring opening and subsequent degenerative chain-branching. 
 Our experimental apparatus records data as a function of the three parameters: 
photoenergy (eV), mass-to-charge (m/z), and reaction time (ms).   The nature of the data 
collection (namely a three dimensional data-block) is best understood by using a two-
dimensional analysis recording.  This yields the energy and time-resolved mass spectra.  
In this way, individual mass behavior can be monitored (with the integration of the ion 
signal at the specific m/z) illustrating the photoionization behavior and kinetic-time profile 
for each reaction species.  
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a) 
T = 298 K 
 T = 600 K 
b) 
T = 700 K 
Figure 5.3.  Time-resolved mass spectra of the reactions of 2,5-dimethylfuran and O2 
using the H-abstraction radicals, a) OH at 298 and 600 K, respectively; and b) Cl at 700 
K.  The vertical bands represent reaction species populating a specific m/z.  Negative 
peaks, or depleting reaction species, are not included in the graph.  Normalization and 
background subtraction was performed using the Igor Pro suite of software, by 
WaveMetrics, Inc. 
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Absolute photoionization of the reactant, 2,5-dimethylfuran 
 
Figure 5.4.  Mass spectrum of the reaction of DMF with OH and O2 at 600 K.  The 
majority of products lie below the reactant mass, m/z = 96 (C6H8O).  This mass 
distribution is indicative of multiple formation pathways for degenerative decomposition 
and unimolecular decomposition of reactant molecules. 
 
 Depletion peaks, as seen in the time-resolved mass spectrum presented in 
Figure 5.4, are representative of the consumption of 2,5-dimethylfuran (C6H8O; m/z = 96) 
and its dissociative fragments (m/z = 81 and 95).  These depletion peaks are validated 
by our recording of the absolute photoionization cross-section of DMF, presented in 
Figure 5.5.  The depletion peak one m/z unit higher than 96 represents the carbon-13 
isotopologue of 2,5-dimethylfuran.  The photoionization onset begins at 7.9 eV and the 
relative ion signal rises quickly until 8.3 eV where the signal begins to plateau.  This 
ionization energy (7.9 eV) is in good agreement with calculated (8.01 eV; using ab initio 
methods described in the section above) and literature values (8.03 eV) [25].  There is a 
secondary rise in signal that begins at 9.1 eV and continues to slope upwards until 10.6 
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eV.  This second rise is most likely due to the transition to an excited state of the DMF 
cation. 
 The DMF dissociative fragments or „daughter‟ ions represent cations produced 
after hydrogen and methyl loss from the parent ion.  The daughter ion at m/z = 95 
represents the cation with a chemical formula of C6H7O
+.  Loss of the methyl substituent 
on the furan ring at m/z = 81 is represented by the chemical formula C5H5O
+.  The 
appearance of these „daughter‟ dissociative fragments begins with a rise in the relative 
ion signal at 10.3 eV.  This ionization threshold is followed by a steep rise in ion signal 
until 10.85 eV.  From here the signal plateaus until the end of the photon energy region 
at 11.0 eV.  It is also worth mentioning that the daughter fragment at m/z = 81 exhibited 
a poorer relative ion signal and had to be multiplied by 40 in order to be visualized on the 
cross-section graph.  
 For the rest of the analysis a larger emphasis will be placed on the reactions at 
higher temperatures.  This was done in order to explore more of the unknown higher 
temperature region of autoignition chemistry (< 900 K).  Experimentation at 298 K was 
done in order to provide a blueprint for the reaction species formed and to gain a 
qualitative understanding of the changes in reactivity assigned to an increase in 
temperature.  The OH oxidation of DMF at 298 K was only scanned to a photon energy 
of 10 eV.  The higher end of the photon energy was increased to 11 eV when the 
reaction was recorded at 700 K, allowing for the detection of products that ionize after 10 
eV.  The inclusion of the Cl-initiated oxidation of DMF at 700 K was made in order to 
illustrate the difficulties of H-abstraction at the β2-carbon (cf. Figure 5.1).  This pivotal H-
abstraction threshold barrier helps to corroborate much of the reactivity illustrated in the 
reaction pathways that are presented in the discussion section. 
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Figure 5.5.  Absolute photoionization of 2,5-dimethylfuran recorded using the 
experimental apparatus at the ALS.  Parent ion is displayed (C6H8O; m/z = 96) in 
addition to two dissociative fragments.  These „daughter‟ ions are labeled as C6H7O
+ 
(m/z = 95) and C5H5O
+ (m/z = 81).  These fragments represent hydrogen and methyl 
loss, respectively. 
Formation of major mass peaks 
 The most intense product peaks for the OH-initiated reaction at 298 K appear at 
m/z = 42, 52, 66, 68, 80, and 112.  Based on their m/z and their agreement with Franck-
Condon simulated photoionization spectra and absolute photoionization efficiency plots, 
the following assignments were deduced: m/z = 42 as ketene, C2H2O; m/z = 52 as 
vinylacetylene, C4H4; m/z = 66 as acetylene ketene, C4H2O; m/z = 68 as 1,2-butadienal, 
C4H4O; m/z = 80 as 1,2,4-pentatrienal, C5H4O; and m/z = 112 as E/Z-diacetyl ethene, 
C6H8O2.  To note, especially at higher photoenergies, dissociative fragments of higher 
masses may contribute to the photoionization signal of reaction species. 
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 The most intense product peaks for the OH-initiated reaction at 600 K appear at m/z = 
15, 30, 40, 42, 50, 52, 66, 68, 70, 80, 94, and 112.  Based on their position on the mass 
spectrum and photoelectron spectral matches based on Franck-Condon simulations and 
absolute photoionization spectra, the following chemical formula assignments were 
deduced: m/z = 15 as methyl radical, CH3; m/z = 30 as formaldehyde, CH2O; m/z = 40 
as propyne, C3H4; m/z = 42 as ketene, C2H2O; m/z = 50 as diacetylene, C4H2; m/z = 52 
as vinylacetylene, C4H4; m/z = 66 as acetylene ketene, C4H2O; m/z = 68 as furan/1-
ethenyloxy-ethyne, C4H4O; m/z = 70 as methylvinylketone, C4H6O; m/z = 80 as pent-1-
en-3-ynal/1,2,4-pentatrienal, C5H4O; m/z = 94 as phenol, C6H6O; and m/z = 112 as E/Z-
diacetyl ethene/2-furoic acid, C6H8O2 and C5H4O3. 
 The most intense product peaks for the Cl-initiated reaction at 700 K appear at 
m/z = 94.  Based on the position on the mass spectrum and photoionization spectral 
Franck-Condon simulations, the following chemical formula assignment was deduced:  
m/z = 94 as 2,5-dimethylene-3,4(H)-furan/oxepin, C6H6O.  
 
Kinetic time profiles for the OH initiated reactions at 298 and 600 K 
 The kinetic time profiles of the major products are illustrated against the reactant 
signal, DMF.  The kinetic profile of DMF was multiplied by negative one for comparison 
with the formation of the major products.  Figures 5.6 and 5.7 present the kinetic time 
profiles for the reactions of DMF with OH radicals at 600 and 298 K, respectively.  Upon 
inspection the time traces reveal important differences between product formations.   
For the reaction at 600 K, the m/z = 30 and 50 products exhibit a gradual, slower 
rise in formation (Figure 5.6).  The fast consumption (shown as steep rise after 
multiplication by -1) of the reactant DMF (represented by the black cross) is similar to the 
formation or the remainder of the major product peaks, m/z = 15, 40, 42, 52, 66, 68, 70, 
80, 94, and 112.   
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(a)  
(b)  
Figure 5.6(a) and (b).  Kinetic-time profiles of the major product species for the reaction 
with OH at 600 K. 
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The reaction at 298 K with OH radicals also exhibits some differences in products 
formation.  The kinetic time profiles (Figure 5.7) mostly exhibit a steep rise in formation 
followed by a plateau in relative ion signal (m/z = 52, 66, 68, 80, 94, and 112).  The 
exemption is the gradual rise in formation of m/z = 42.  As stated previously, the reaction 
at 298 K was analyzed qualitatively in the 8 – 10 eV photoenergy range.  As auto-ignition 
reactivity begins at temperatures higher than ambient environment (298 K), the room 
temperature reaction was used to predict potential products at higher temperatures and 
to note a difference in reactivity between temperatures.  As one can see by the 
differences in the number of major product peaks, more multiple product channels occur 
at the higher temperature, 600 K, which is closer to the auto-ignition temperature region.  
   
Figure 5.7.  Kinetic-time profiles of the major product species for the reaction with OH at 
298 K. 
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Kinetic time profiles for the Cl initiated reaction at 700 K  
 The only non-chlorinated product for the reaction at 700 K with Cl radicals 
exhibits a slow rise in comparison to the consumption of DMF (Figure 5.8).  As noted 
previously, the reaction of DMF with Cl radicals at 700 K is being explored in order to 
illustrate the difficulties of C-H fission on the aromatic ring and to help illuminate the ring 
opening channels. 
 It is worthwhile to mention that caution must be applied when kinetic time profiles 
and photoionization efficiency curves are solely used to identify potential products.  A 
justification of product formation must be made through reasonable pathways.  A 
discussion of these pathways and the reactivity of DMF is presented in the results 
section. 
 
Figure 5.8.  Kinetic-time profiles of the major product species for the reaction with Cl at 
700 K. 
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Branching fractions and identification of product isomers at specific masses 
 Branching fractions, or the ratio of product produced versus initial reactant 
concentration, are used with the aid of absolute or total photoionization cross sections.  
These experimentally recorded cross sections define the total electronic effective area of 
a molecule that will interact with a photon.  In our experiments absolute cross sections 
are obtained by recording the photoionization spectrum of a target species (with a known 
concentration) together with the photoionization spectrum of a calibration species (with 
known photoionization cross section and concentration).  The relative ion signal of a 
species  ,   , is defined as, 
                                                                  (5.7) 
where     (at a specific energy  ) represents the photoionization cross section,      (at 
a specific energy  ),    the product concentration,   , the mass discrimination factor, 
and   as an instrument constant.  The mass discrimination factor is found to be equal to 
the mass of the reaction species raised to the power of 0.67.  Once the     is 
calculated, the branching fraction, BF, may be determined as it relates to the ion signal 
of the product   and the reactant   at a specific photon energy   in the form, 
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When absolute photoionization cross sections are not available, a method of estimation 
was created and tested for accuracy by Bobeldijk et al. [26]  Unfortunately, the 
estimations are based on the „additivity‟ of smaller component cross sections of a 
molecule recorded at 11.8 eV.  Estimations at this higher photoenergy would  cause 
large margins of error (> 20%) for calculations made in these reactions, with a maximum 
photoenergy range of 11 eV. 
The branching fractions presented in this chapter will be for the reaction of DMF 
and OH radicals at 600 K.  The branching fractions were not calculated for the room 
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temperature reaction due to the qualitative nature of the reaction.  The reaction of DMF 
with Cl radicals exhibited one m/z formation for which no cross sections were available.  
For this reason the branching fractions were not presented.  Table 5.1 represents the list 
of products as a percentage of total reactant, DMF, consumption.  An analysis of these 
fractions with their product assignments will follow.  Upon inspection, the total branching 
fraction represents only 40% of total DMF consumption.  To note, the major products 
with m/z = 80, 94, and 112 did not have identifiable products with known or 
experimentally determined absolute cross sections.  Cross section estimates were not 
made due to a large margin of error.  This, and the possibility of secondary reactions (or 
the reaction of products with OH radicals), lead to an apparent low total consumption of 
DMF from the branching fractions.  Secondary reactions involve the H-abstraction of 
primary products and subsequent chemistry.  These secondary reactions affect the 
relative ion signal of primary products, lowering their BF.    
 
Table 5.1.  The branching fractions are given for the reaction of OH radicals at 600 K.  
The products listed have available literature absolute cross sections or were 
experimentally determined by our research group at the ALS. 
Name of products identified with XS m/z  
Branching Fraction (% consumption of 
2MTHF) 
RXN AT 600K 
   
methyl radical 15.02 3% 
formaldehyde 30.01 7% 
propyne 40.03 2% 
ketene 42.01 3% 
diacetylene 50.02 2% 
vinylacetylene 52.03 14% 
furan 68.06 5% 
methyl vinyl ketone 70.04 4% 
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R-OO mechanisms for product distribution 
For this work, the identification of reaction species is based on the R-OO or 
peroxy radical mechanisms, matching of calibrated absolute photoionization efficiency 
curves or Franck-Condon spectral simulations, and the kinetic time profiles.  The 
mechanisms were developed from the equations 5.4 and 5.5 and the pioneering peroxy 
research of our research group [12-15, 19, 27].  Specifically, the oxidation of 2,5-
dimethylfuran is presented in similar fashion to the publication of Welz et al. [27] on the 
oxidation of isopentanol (R).  In this 2012 publication the formation of the alkylperoxy 
radical (RH-1-OO) was used to predict (upon intramolecular interactions or 
decomposition) reaction species.  They also considered the unimolecular decomposition 
of isopentanoyl radicals (RH-1) after the H-abstraction by the Cl radical.  The isopentanoyl 
radicals were represented as having an H-abstraction at each of the carbons (total of 4 
isopentanoyl radicals) with an equivalent radical for the two methyl groups of the tertiary 
(γ) carbon.  
The experimental photoionization efficiency spectra are presented in Figures 
5.12 - 5.14.  These spectra account for the major peaks related to primary product 
formation for the reaction of DMF with OH at 600 K (m/z = 15, 30, 40, 42, 50, 52, 66, 68, 
70, 80, 94, and 112).  Below is an analysis of each of these spectra in order to account 
for product formation including individual isomer contributions at specific m/z. 
The major mass peak at m/z = 15 represents the methyl radical (CH3
+).  The 
ionization onset (9.83 eV) matches the recorded literature efficiency curve taken by 
Taatjes et al. [28]  The time trace exhibits a fast rise, signifying quick formation, followed 
by a quick fall, indicative of a radical species.  The relative ion signal exhibits a steep 
rise after its onset until 9.9 eV where the ion signal begins to plateau.  The overall shape 
also matched with the absolute photoionization spectrum taken for the methyl radical, 
leading to a positive identification.  The product peak at m/z = 15 was not seen for the 
room temperature reaction with OH or Cl.  It is important to note that C-C fission of a 
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methyl substituent of DMF would most likely be responsible for the presence of the 
methyl radical.  The pathways of C-C fission and ring opening will be discussed shortly. 
 The product at m/z = 30 matches the ionization onset (10.88 eV) and the overall 
shape of the photoionization efficiency (PIE) curve of formaldehyde (CH2O)  
 
Figure 5.12.  Photoionization efficiency curves for some major products of the reaction 
with OH radicals at 600 K.  From top to bottom, left to right, m/z = 15, 30, 40, 42, 50, and 
52. 
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(Figure 5.12).  The experimental photoionization spectrum for m/z = 30 exhibits a stark 
onset in signal at 10.88 eV with a stabilizing of the signal (plateau) occurring at the end 
of the ionization region for this experiment, 11 eV.  Formaldehyde‟s absolute 
photoionization efficiency curve was recorded at the ALS. 
 The product at m/z = 40 was matched to propyne (C3H4).  The absolute 
photoionization efficiency curve (recorded by Cool et al. [29]) matches the onset and the 
overall shape of our experimental photoionization efficiency curve (Figure 5.12).  The 
relative ion signal exhibits a sharp inflection at 10.3 eV with a gradual rise in signal.  The 
product at m/z = 42 was matched with ketene (C2H2O).  The signal onset (9.55 eV) and 
overall shape of the experimental PIE plot matched the absolute photoionization curve 
recorded by Yang et al. [30]  The product was also present in the oxidation reaction of 
DMF with OH radicals at 298 K (Figure 5.13).  The experimental photoionization 
spectrum exhibits a gradual rise after its photoionization onset with a signal maximum at 
10.3 eV.  From here the ion signal falls until the end of the ionization region at 11 eV. 
The products at m/z = 50 and 52 represent acetylene-products.  The product m/z 
= 52 appears in the reaction of DMF with OH at 298 and 600 K and its kinetic time traces 
are marked by a slow rise in relative ion signal (Figure 5.6 and 5.7).  The product m/z = 
52 appears only in the reaction with OH at 600 K, and its time trace exhibits a sharp rise 
in signal at t = 0 ms (Figure 5.7).  For m/z = 50, the experimental PIE curve matched the 
ionization onset (10.1 eV) and overall shape of diacetylene (C4H2).  Diacetylene‟s 
absolute PIE plot was recorded by Cool et al. [29] and may be described as having a 
sharp signal onset at 10.1 eV until 10.2  eV where the signal plateaus slightly and rises 
again.  The product mass peak at m/z = 52 matched the ionization onset (9.55 eV) and 
overall photoionization spectrum shape of vinylacetylene (C4H4) [29].  The experimental 
PIE curve may be described as having an initial steep rise at 9.55 eV until 9.6 eV where 
the signal begins to oscillate up and down with an overall positive slope.  These rising 
peaks appear to signal the expected energies of the  2‟ = 1,2 members of a progression 
in the C C stretch and the first and second ionization potentials of the molecule [29].  To 
note, the room temperature reaction of DMF with OH radicals also exhibited a product at 
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m/z = 52 with the same overall shape and ionization onset matching vinylacetylene 
(Figure 5.13).  Upon calculations of branching fractions vinylacetylene was shown (Table 
5.1) to account for the highest percentage of reactant consumption (at 14%).  This 
molecule is the main product of ring opening and its product channel will be discussed 
below. 
 
 Figure 
5.13. Photoionization efficiency curves for the major products of the reaction with OH 
radicals at 298 K.  From top to bottom, left to right, m/z = 42, 52, 66, 68, 80, and 112. 
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Figure 5.14. Photoionization efficiency curves for remainder of the major products of the 
reaction with OH radicals at 600 K.  From top to bottom, left to right, m/z = 66, 68, 70, 
80, 94, and 112. 
 
 The product mass peak at m/z = 66 exhibits a small signal rise at 8.75 eV until 9 
eV (Figure 5.14).  After this initial rise the signal inflects upward after 9 eV.  The overall 
shape of the experimental spectrum matches the Franck-Condon spectral simulation of 
acetylene ketene (C4H2O).  The product at m/z = 68 has been matched to two isomeric 
species, furan and 1-ethenyloxy-ethene (C4H4O) with an onset at 8.8 eV.  The signal 
122 
 
continues to gradually rise until a sharp inflection at 9.4 eV up to 9.8 eV where the signal 
begins to plateau.  The initial ionization onset (at 8.8 eV) and overall shape until 9.4 eV 
match the absolute PIE curve of furan recorded by Yang et al. [30]  The second part of 
the experimental photoionization spectrum matches the overall shape and ionization 
onset (at 9.4 eV) of the Franck-Condon spectral simulation for 1-ethynyloxy-ethene.   
 The product present at m/z = 70 has been matched to methyl vinyl ketone 
(C4H6O).  The experimental PIE plot exhibits an ionization onset at 9.65 eV and 
continues a steep rise until 9.8 eV where it begins to plateau.  The absolute PIE curve 
was recorded by Yang et al. [30]  The product at m/z = 80 has been assigned to the 
isomeric species pent-1-en-3-ynal and 1,2,4-pentatrienal (C5H4O). The experimental 
spectrum shows an initial signal rise at 8.4 eV that continues, gradually, until a second 
spike in signal at 8.7 eV.  The sharper inflection continues until 9 eV where the signal 
begins to plateau.  The first ionization onset (8.4 eV) and overall shape (until 8.7 eV) 
matches the Franck-Condon spectral simulation for pent-1-en-3-ynal.  The second 
ionization onset (8.7 eV) and overall shape (from 8.7 – 11 eV) matches the Franck-
Condon spectral simulation for 1,2,4-pentatrienal. 
 The final two products occur at m/z = 94 and 112.  The experimental PIE for 
product peak at m/z = 94 exhibits a gradual signal rise that starts at 8.5 eV and 
continues until the end of the ionization region (at 11 eV).  The signal ionization onset 
and overall shape has been matched to the integrated literature photoionization 
spectrum of phenol (C6H6O) [31].  The m/z = 94 experimental PIE curve for DMF 
oxidation with Cl at 700 K (Figure 5.16) exhibits an initial ionization onset at 7.9 eV that 
gradually rises until 9.0 eV where the signal begins to plateau.   Two isomeric products 
have been assigned to this m/z.  The first product, 2,5-dimethylene-3,4(H)-furan 
(C6H6O), matches the ionization onset at 7.9 eV.  The second product, oxepin (structure 
presented in Figure 5.16), matches the overall shape of the remainder of the 
experimental plot (8.5 – 10 eV).  For both products Franck-Condon spectral simulations 
were calculated for the molecules as there was no available literature data.  The product 
peak at m/z = 112, for the reaction of DMF and OH at 600 K, represents oxygen addition 
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to a reaction species and has been assigned to the isomeric molecules E/Z-
diacetylethene (C6H8O2) and 2-furoic acid (C5H4O3).  The initial ionization onset 9.25 eV 
matches well with the Z-diacetylethene Franck-Condon spectral simulation.  This second 
rise at 9.65 eV matches the Franck-Condon spectral simulation for the molecule, E-
diacetylethene.  Up to this photoenergy the previous description also matches the 
experimental photoionization spectrum of the reaction with DMF and OH at 298 K 
(Figure 5.12).  A third ionization onset (at 9.85 eV) and overall shape of the experimental 
PIE was matched to the literature photoionization spectrum of 2-furanoic acid [32].   
Figure 5.15.  The photoionization efficiency curve for the product of the reaction with Cl 
radicals at 700 K.  The experimental PIE plot is for the m/z = 94 product. 
  
5.5 Discussion 
 The chemical kinetics of the initial steps in the low temperature oxidation of 2,5-
dimethylfuran is beyond the scope of this thesis.  Instead, we took a qualitative approach 
to identify the reaction products and formulate a mechanism based on product 
characterization utilizing previous research on alkanes, alkenes, alcohols, and ethers 
[12, 13, 19, 27, 33, 34].  The main goal, here, is to increase the understanding 
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surrounding furans as potential oxygenates in autoignition (< 900 K) combustion 
chemistry. 
 The formation of 2,5-dimethylfuranyl radicals (equations 5.4 and 5.5) will lead to 
the addition of O2 to form its peroxy (unsaturated cyclic ether-RO2) radical [12].  These 
reaction species, labeled as ROO*, populate autoignition chemistry (at T < 900 K and 
moderate pressures) and are important precursors that lead to chain branching, chain 
termination, formation of cyclic ethers, or decomposition back to the alkyl radical and O2 
[12, 21].  These steps will be considered, as well as unimolecular decomposition of the 
radical species themselves, in formulating product pathway channels. 
Reactions of the two DMF radicals (C6H7O) with O2 and the unimolecular 
decompostions are shown in Figures 5.16 – 5.18.  In these figures, experimentally 
identified products are labeled with their chemical names and unidentified products are 
labeled with their m/z and a Roman numeral.  In these oxidation reactions, the 
production of OH and/or HO2 signifies chain propagation (chain branching) or chain 
termination, respectively [27], and the formation of OH or HO2 is therefore highlighted in 
the mechanisms illustrated in Figures 5.16 and 5.17  Production of the ROO* radical 
may lead to the formation of alkylalkoxyhydroperoxy radicals (an isomerization product 
of the peroxy radical with internal hydrogen transfer labeled QOOH), which will 
participate in carbon-carbon fission, carbon-oxygen fission, and cyclic ether formation 
[35].  Each peroxy radical species, formed from the 2,5-dimethylfuranyl radicals, are 
labeled with Greek letters (Figure 5.1) denoting the carbon specific location of O2 
addition.  The alkylalkoxyhydroperoxy radicals (QOOH) will have a notation for the 
location of the alkyl radical, after oxygen intramolecular H-abstraction from the peroxy 
radical, as a subscript on the “Q.”  An analysis of the major products based on relating 
experimental products to the mechanisms developed from the 2,5-dimethyfuranyl 
radicals will follow. 
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Figure 5.16.  Reaction pathways of β1-RO2 used for this work.  The names of detected 
products are given.  Products that were not observed are labeled with their m/z ratio and 
a Roman numeral to differentiate isomers. 
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Figure 5.17.  Reaction pathways of β2-RO2 used for this work.  The names of detected 
products are given.  Products that were not observed are labeled with their m/z ratio and 
a Roman numeral to differentiate isomers. 
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Figure 5.18.  Unimolecular decomposition of the radical species generated from 
hydrogen abstraction of the reactant, 2,5-Dimethylfuran.   The names of detected 
products are given.  Products that were not observed are labeled with their m/z ratio and 
a Roman numeral to differentiate isomers. 
 
The symmetry of DMF allows for only two sites for hydrogen abstraction by OH 
radicals, β1- and β2-carbons (Figure 5.1).  To help explain our experimental results we 
can compare the C-H bond energies of a few molecules with DMF.  As illustrated in 
Figure 5.19, the bond energy of the vinyl hydrogen and the allyl hydrogen of propene are 
found to be 466.5 and 368.4 kJ/mol, respectively [11, 36].  This implies that it is 
energetically more facile to abstract hydrogen from the allyl position of propene.  The 
same is said for the abstraction by OH/Cl radical of DMF, with preferential abstraction 
occurring at the β1-carbon over the β2-carbon.  In fact, a recent study on the thermal 
decomposition of DMF found the ring C-H scission is disfavored by a factor of 7 x 103 
with respect to the methyl C-H scission [10]. 
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Figure 5.19.  Bond energies (in kJ/mol) for comparison to 2,5-dimethylfuran reaction 
species [11, 36].  From left to right, bond energy for C-C scission of methyl group in 
acetone, C-H scission on secondary vinyl carbon in propene, and C-H scission of 
terminal allyl carbon in propene. 
 
Figure 5.20.  Bond dissociation energies (BDE; in kJ/mol) of the methyl hydrogen, ring 
hydrogen, and the methyl carbon bond to the ring.  Ab initio calculations were performed 
by researchers Simmie and Metcalfe [10]. 
 
 Simmie and Metcalfe [10] reported ab inito calculations of the bond dissociation 
energies (BDE) of 2,5-dimethylfuran (Figure 5.20), where the ring hydrogen, the methyl 
hydrogen, and the C-CH3 BDEs‟ were reported as 503, 480, and 358 kJ/mol, 
respectively.  The preferential H-abstraction site at the β1-carbon is further supported by 
the product vinyl acetylene (m/z = 52; C4H4).  Vinyl acetylene is yielded via formation of 
the alkylperoxy radical β1-ROO* (Figure 5.16).  Ring opening occurs after intramolecular 
H-abstraction by the peroxy radical to form the alkylalkoxyhydroperoxy adduct 
(Qβ2OOH).  The intramolecular H-abstraction occurs at the β2-carbon (ring hydrogen) 
with formation of the alkylalkoxyhydroperoxy radical proceeding through a six-membered 
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transition state (cf. Figure 5.21) [12].  Ogura et al. [35] writes that the peroxy radical may 
abstract a hydrogen from a neighboring carbon to the ethereal oxygen with an 
abstraction threshold energy decreasing for substituted carbons.  In spite of its higher 
bond dissociation energy (Figure 5.20), this alkylalkoxyhydroperoxy radical formation 
helps to corroborate the abstraction of the ring hydrogen.  At 14%, vinyl acetylene was 
calculated to have the highest branching fraction of the products with available absolute 
photoionization cross sections.  Another route to the formation of vinyl acetylene occurs 
through β2-ROO*   QγOOH pathway via a seven-membered transition state (Figure 
5.21).  The formation of this primary product appears to have no temperature 
dependence between 298 and 600 K. 
Figure 
5.21.  Alkylalkoxyhydroperoxy transition states for β1-H-abstraction and O2 addition.  The 
6 and 7 membered rings have been proposed by Ogura et al. [35] as the transition 
states in forming the QOOH radicals in substituted ether systems.  Formation of the 
QOOH radicals leads to back-dissociation to the peroxy radical or ring opening.  
 
 The reaction pathway (C*H2)-cyclo-CCHCHCO-(CH3) + O2  β1-ROO*  QγOOH 
is responsible for the formation of formaldehyde (m/z = 30; CH2O).  At 7%, formaldehyde 
represents the product with the second largest branching fraction.  According to the 
pathway presented in Figure 5.16, formaldehyde can be formed by either the 
decomposition of the β1-ROO* radical or the QγOOH alkylalkoxyhydroperoxy radical.  
The seven-membered transition state proposed in Figure 5.21 leads to ring opening and 
or 
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formation of formaldehyde upon C-C scission of the methyl group and formation of the 
terminal aldehyde product, pent-1-en-3-ynal (m/z = 80; C5H4O).  The presence of the 
product pent-1-en-3-ynal was confirmed utilizing a Franck-Condon spectral simulation 
and ionization onset matches.  As there was no available absolute photoionization cross 
section the branching fraction could not be calculated.  The formation of pent-1-en-3-
ynal also proceeds via the β1-ROO*   QγOOH analogous to the formation of its co-
product, formaldehyde.  The abstraction at the β2-carbon leads to the formation of the β2-
ROO* peroxy radical.  The decomposition of this peroxy radical leads to cleavage of the 
methyl group (C-CH3 scission) and ring opening.  The ring opening product is pent-1-en-
3-ynal 
.  Lastly, unimolecular decomposition may occur with ring C-H scission 
leading to the formation of the methyl radical (m/z = 15; *CH3) and pent-1-en-3-ynal 
(Figure 5.18). 
 The formation of methyl radical (m/z = 15; *CH3) and ketene (m/z = 42; C2H2O) 
are represented by the branching fraction of 3%, equally.  Their formation arises from 
both abstraction pathways (β1- and β2-carbons).  Methyl radical formation was cited 
above alongside the formation of pent-1-en-3-ynal.  Specifically, formation may proceed 
via the β1-abstraction pathway (Figure 5.16), as (C*H2)-cyclo-CCHCHCO-(CH3) + O2  
β1-ROO* yields the methyl radical, the product 80-I (m/z 80; C5H4O), and HO2.  
Abstraction of the ring hydrogen, (CH3)-cyclo-CC*CHCO-(CH3), yields the formation of 
the β2-ROO* alkoxyperoxy radical.  This radical may decompose into pent-1-en-3-ynal 
and the methyl radical due to C-CH3 scission.  The thermal unimolecular decomposition 
of DMF, via C-H scission at  β1- and β2-carbons, yields the formation of methyl radical 
(Figure 5.18).  The unimolecular decomposition of the β1-2,5-dimethylfuranyl radical  
yields the product 80-I (m/z = 80; C5H4O), while the decomposition of the β2-2,5-
dimethylfuranyl radical yields pent-1-en-3-ynal (m/z = 80; C5H4O).  The aforementioned 
products, along with the methyl radical, are formed via C-CH3 scission and ring opening.  
The formation of ketene (m/z = 42; C2H2O) proceeds through both abstraction pathways 
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that lead to the formation of the alkoxyperoxy radicals, β1-RO2 and β2-RO2.  Formation of 
ketene from the 2,5-dimethylfuranyl radical ((C*H2)-cyclo-CCHCHCO-(CH3)) proceeds 
from decomposition of the β1-RO2 radical to form ketene and product 68-I (m/z = 68; 
C4H4O).  Other conceivable product channels from this pathway proceed via β1-RO2   
Qβ2OOH, QγOOH, and QεOOH alkylalkoxyhydroperoxy radicals.  The formation of the 
less favored 2,5-dimethylfuranyl radical ((CH3)-cyclo-CC*CHCO-(CH3)) yields formation 
of the β2-RO2 peroxy radical upon O2 addition.  This β2-RO2 alkoxyperoxy radical may 
decompose into ketene, propyne (m/z = 40; C3H4), product 28-I (m/z = 28; CO), and OH.  
Other conceivable product pathways occur through the reaction sequence β2-RO2   
Qβ1OOH, QγOOH, and QεOOH where each alkylalkoxyhydroperoxy radicals may form 
ketene (Figure 5.17).    
  Two important products with comparable branching fractions of 2% (cf. 
Table 5.1) are propyne and diacetylene.  Conceivable formation pathways for propyne 
proceed via (CH3)-cyclo-CC*CHCO-(CH3)   β2-RO2   Qβ1OOH.  The 
alkylalkoxyhydroperoxy (Qβ1OOH) quickly decomposes (with ring opeing) into propyne, 
ketene, product 28-I (m/z = 28; CO), and OH.  The alkoxyperoxy radical  β2-RO2 may 
thermally decompose to form the same products as the Qβ1OOH adduct.  Conceivable 
pathways to formation of diacetylene proceed via the β1-RO2 or β2-RO2 alkoxyperoxy 
radicals.  For the product pathway involving the β1-2,5-dimethylfuranyl radical formation 
of diacetylene proceeds via (C*H2)-cyclo-CCHCHCO-(CH3)   β1-RO2   QεOOH 
alkylalkoxyhydroperoxy radical.  In contrast, the product pathway involving the β2-2,5-
dimethylfuranyl radical proceeds to formation of diacetylene via the reaction sequence 
(CH3)-cyclo-CC*CHCO-(CH3)   β2-RO2   QεOOH.  In both product pathways ketene is 
produced with diacetylene and HO2.   
 The isomeric identification of the species populating m/z = 68 has been 
particularly difficult.  The identification of furan (C4H4O) as a product with a branching 
fraction of 5% was made without a plausible mechanism of formation due to the addition 
of two hydrogens to the unsaturated cyclic ether ring (conceivable pathways involve a 
1,2-hydrogen shift).  Identification of the product species, 1-ethenyloxy-ethyne (C4H4O) 
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was made with more confidence with the confirmation of plausible mechanistic 
formation.  1-ethenyloxy-ethyne may be formed via the reaction sequence (C*H2)-cyclo-
CCHCHCO-(CH3)   β1-RO2   QεOOH alongside acetylene (C2H2) and HO2.  
Unfortunately, formation of acetylene could not be confirmed due to its ionization onset 
(11.38 eV reported by Person and Nicole [37]) being outside of the experimental 
ionization region (11 eV outer limit). 
 Bicyclic ether formation was not seen in any of the reactions with DMF.  The 
bicyclic formation arises from ring closure after the addition of O2 to either the β1- or β2-
carbons to produce 2,3-oxetane-5-methylfuran, 2,4-oxolane-5-methylfuran, or 2,5-
oxane-furan.  Ab initio calculations of these possible bicyclic ethers yielded unbounded 
cations, unbounded neutral and cationic species, or differing geometries between the 
neutral and cationic species.  The unbounded nature of either the cationic or neutral 
species of these systems is likely due to the ring strain and conjugated nature of the 
furan system. 
Finally, the difficulty of H-abstraction at the β2-carbon of DMF is illustrated in the 
reaction with Cl radicals at 700 K.  Figure 5.15 illustrates the photoionization spectral 
matches of oxepin and 2,5-dimethylene-3,4(H)-furan (m/z = 94; C6H6O) to the 
experimental PIE plot.  The formation of the seven-membered unsaturated cyclic ether, 
oxepin, involves two 1,2-hydrogen shifts and either a 2,1-oxygen migration or addition of 
an oxygen species.  Formation of   2,5-dimethylene-3,4(H)-furan is simply defined as H-
abstraction at both methyl carbon sites followed by rearrangement of double bonds 
(Figure 5.19).  In both cases, formation seems contingent on H-abstraction at the methyl 
carbons.  Ring opening unimolecular decomposition products were not seen in this 
experiment in spite of the reaction occurring at a higher temperature, which might 
suggest abstraction at the ring β2-carbon is needed to supplement ring opening and 
degenerative chain branching.  Further work must be carried out to elucidate the 
formation pathways of oxepin and phenol (for the OH radical reactions). 
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5.6 Conclusion 
 Photolytically prepared OH and Cl radicals are used to abstract a hydrogen from 
the reactant and the resulting 2,5-dimethylfuranyl radical may form peroxy 
radicals upon addition of O2. 
 The unimolecular decomposition of the 2,5-dimethylfuranyl radicals are in direct 
competition with the addition of O2.  It was difficult, experimentally, to differentiate 
product formation from either unimolecular decomposition or peroxy radical 
chemistry.  A recent study of autoignition chemistry by Zador et al. [12] report the 
competition will tend towards unimolecular decomposition as the temperature 
increases above 700 K.  
 Formation of cyclic ethers was not seen in the low temperature oxidation of DMF.  
The lack of products at m/z = 110 (C6H6O2; m/z = 96(DMF) – 2(H) + 16(O)) may 
be due to weak Franck-Condon factors and dissociative ionization of the cyclic 
ethers that cause lower detection efficiencies for the parent mass [27].   
 H-abstraction at the β2-carbon (ring hydrogen) is disfavored.  This was seen in ab 
initio calculations of BDE of the hydrogens on propene, acetone, and DMF.   The 
production and higher BF of vinyl acetylene seems to, also, substantiate this 
claim. 
 β-C-C and β-C-O scission of DMF is seen in the formation of the majority of 
products with a m/z less than 96. 
 Much work is needed in order to identify the pathways of formation of products 
like furan, methylvinylketone, phenol, and diacetylethene.  The difficulty in 
assigning pathways involves either intramolecular hydrogen shifts or H-addition 
to one or more carbons upon ring opening of DMF.  One suggestion would be 
deuterium labeling of one of the ring hydrogens within DMF and higher level 
electronic structure calculations on the potential energy surfaces of the reactions 
studied. 
 All reactions considered in this work are thermodynamically feasible.  This was 
determined by studying CBS-QB3 energetics of each reaction. 
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